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SECTION 1.0
INTRODUCTION

1.1 Background

Wind shear, particularly at the lower altitudes in the terminal area,
has been identified as being hazardous to aircraft operations. Accurate and
reliable wind profiles are required for use in fast time and manned flight
simulation studies aimed at fully defining and understanding the wind shear
hazard, This report describes wind speed profiles developed for the above
simulation to improve the safety and reliability of operations in the
terminal area. A comprehensive set of wind profiles and associated wind
shear characteristics which encompass many of the wind shear environments
potentially encounterable by aircraft in the terminal area have been modelled,
subject to the data available. For the purpose of this effort, wind shear is
defined as significant changes in wind speed and/or direction up to 500 m
above the ground which may adversely affect the approach, landing, or takeoff
of an aircraft. The wind shear is mathematically modelled and the mathe-
matical scenarios (environment) are presented in a format for direct applica-
tion to wind shear hazard/flight simulation studies.

1.2 General Description of Wind Shear Models

A survey of existing wind shear data and mathematical models which are
comprehensive, of sufficient spatial extent, and detailed enough for the
development of mathematical models of wind shear is reported in Reference
[1-1]. This reference reviews the state of the art and describes the scale
and duration of frontal wind shear, neutral and stable boundary laver wind
shear, and thunderstorm wind shear. The physics of these atmospheric phenom-
ena with which significant wind shear is associated is also outlined in this
reference and is not described in the present report. Selected data sets
reported in the literature and described in Reference [1-1] have been chosen
for the three wind shear conditions considered, i.e., 1) thunderstorm wind
shear, 2) neutral and stable boundary layer wind shear and 3) frontal wind
shear. In all three cases, the most comprehensive set of wind shear data



reported in the literature have been discretized to a grid system and a
computer program lookup with interpolation capabilities developed. The
spatial variation of wind speed, both horizontally and vertically, is obtained
from the programs when called by a main simulation program. The location of
data measurement, how the data were obtained, the time of observation and
the extent of the data up to 500 m are outlined for each of the wind shear
conditions considered. From these data sets, a description of steady state
wind which, in the thunderstorm and frontal cases, is effectiye1y a quasi-
steady state wind having a 10 sec averaging period are described. For the
stable and neutral boundary layer case, the wind speeds are mean values
which are defined as a 10 min average or greater. For the neutral and
stable boundary layer, spatial dependence of the wind only in the vertical
direction, z, is considered and the wind field in these cases is assumed
homogeneous in horizontal extent. For the thunderstorm and frontal wind
fields, both vertical, z, and horizontal, x, spatial dependence is considered.
The -data available, however, represents wind fields in a vertical plane
sliced through the storm and spatial variation in the direction lateral to
the motion of the storm is not considered. A1l three velocity components,
that is, 1ongitud1na] velocity, wx, lateral velocity, wy, and vertical
velocity, wz, are defined at each point in the vertical spatial plane,
however.

Since the high frequency component of the variation in the wind has
been averaged out of the data sets used to define the mathematical form of
the wind shear models, turbulence simulation techniques are provided from
which a turbulent fluctuation can be generated and superimposed upon the
quasi-steady state wind fields. For the thunderstorm and frontal models,
the frequency content of the turbulent simulation must contain all fluctua-
tions greater than 0.1 Hz. For the neutral and stable boundary layer the
turbulence model must contain fluctuations of all frequencies.

Statistical models which will allow estimates of the probability of a
given shear magnitude and the frequency of occurrence are developed to the
extent current data permits. A statistical description of the wind fields
are required to establish meaningful magnitudes of wind shear to assure that
the values used in flight hazard studies are realistic and might actually be
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‘encountered in the real world. Statistical data, however, is very limited
in this regard and it was necessary in most cases to establish only crude
estimates of the’probabi]ity‘of wind shear and the risk of exceeding a
prescribed value.

1.3 Organization

The mathematical models of wind speed developed for thunderstorms,
stable and neutral boundary layers, and the synoptic frontal storms are
reported individually in Sections 2, 3 and 4, respectively. Each section
describes the nature of the data set used to develop the table lookup programs
and the theoretical turbulent simulation models recommended for use with
the quasi-steady winds. Statistical models are also described and estimates
of probabilities and risk of exceedance given. In the appendix, tables of
the wind fields for easy engineering application are given. Also, numerous
illustrative plots of typical wind speed profiles encountered along conven-
tional flight paths are provided for visualization of the type and magnitude
of wind shear potentially encounterable in the atmospheric conditions con-
sidered. Finally, a careful listing of the computer code and the associated
data set are described. The computer programs are given'in the form of
subroutines which can be immediately coupled with a fast time computer
program for calculating flight through wind shear hazards or for direct
application to flight simulation studies. This material has been placed in
the appendices because of its bulkiness and because, although it directly
pertains to the engineering application of this report, it is not immediately
relevant to the text of each section. However, the appendices have been
numbered corresponding to the section of the report to which they refer.
Appendix 1 contains the nomenclature while Appendices 2, 3 and 4 contain the
tables, illustrations and computer code for the respectively numbered
sections. Finally, each section contains recommendations and guidelines for
engineering applications. The range of applicability, engineering interpre-
tation, and examples of how to use the data are given.

The report concludes with a summary section which summarizes the results
of the effort, presents conclusions, and provides recommendations concerning
future efforts. A discussion of data deficiencies and the associated weak-
nesses and strengths of the model are also described in the summary section.
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SECTION 2.0
- THUNDERSTORM WIND SHEAR

A model of wind shear associated with thunderstorms has been developed
from the cata of Goff [2-1]. These data consist of measurements of longi-
tudinal, lateral and vertical wind speeds at various levels of a 500 m.
tower. Although the data are measured along a vertical line in the atmo-
sphere, they are projected horizontally to form a vertical plane using the
concept of frozen turbulence or Taylor's hypothesis. .Thus, the wind shear
phenomena associated with thunderstorm models can be described as a two-
dimension, spatial wind field.

The data of Goff [2-1], after careful review (see Reference [2—2]),'
were selected as being the best data available to construct a quantitative
model of thunderstorm wind shear that provides both vertical and horizontal
wind shear values. As noted, the model is restricted to two-dimensional
space. The extensive survey reported in Reference [2-2] indicates that
there are no three-dimensional data sets available nor any theoretical
models associated with thunderstorms which would allow a three-dimensional
simulation to be carried out. Therefore, it was necessary to restrict the
simulation of thunderstorm wind shear to two-dimensional wind fields. The
data, however, do include all three velocity components of the wind vector
in the plane swept out by the 500 m tower as the storm passes.

2.1 Data Source

Thunderstorm wind shear data are presented in the form of longitudinal
(wx), lateral (wy) and vertical (wz) wind speed components in a vertical
plane for 20 thunderstorm cases. Data for these 20 storms were measured
during the months of May through June over the period of 1971 through 1973
with the WKY-TV/NSSL 481 m meteorological toﬁér, Norman, Oklahoma. Time
histories of the wind speed are converted to horizontal spatial distributions
using Taylor's hypothesis (i.e., x = Wt). Ten second averaged values of
wind speed components are provided in the form of isotach maps for wx, wy
and wz, respectively. These data were converted to a 41 x 11 point grid
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system as illustrated in Figure 2-1. The data for the 20 thunderstorm cases
" having been discretized on the grid system were stored on magnetic tape and
a computer lookup routine developed for interpo}ating the wx, wy and wz wind
speeds for any location within the x-z plane. Tabulated data for wx, wy

and wz on the 41 x 11 point grid system are given in Appendix 2A; a pictorial
description of the wind speed profiles and streamline patterns are given in
Appendix 2B, and a computer program which stores the data on disks and
carries out the table lookup with the option of superimposing turbulencé is
described in Appendix 2C.

The 20 thunderstorm cases for the purpose of this report are assigned
numbers 1 through 20 which correspond to Goff's identification symbols.A ,
through T. A1l tabulated and illustrated data in the appendix contain both
the numerical and the alphabetical identification..

2.2 Data Processing

For each thunderstorm, a 10 min record was taken and the data were
averaged over 10 sec intervals throughout the 10 mins. These data were then
fitted to a regular array of a 60 x 10 grid by Goff. ATthough the actual
measurements were not uniformly spaced, the data as presented for public
distribution were uniformly spaced on the 60 x 10 grid. Each 10 min record
consists of 60 10 sec averaged data sets representing a cross section through
the storm. Streamline patterns as well as isotach maps of wx, Wy and wz
were also drawn from the data and are given in Reference [2-1].

The data presented in Reference [2-1] were evenly spaced over 10 50 m
intervals in the z-direction. Values assigned to each interval were deter-
mined by linear interpolation from seven levels of measurements for the
1971, 1972 data and from only three levels of measurement for the 1973 and
1974 data. For the x-direction, 60 intervals were utilized where a Galilean
transformation from time to space was utilized. The horizontal extent of
each cross-section is therefore a variable and is equal to the frontal speed
of the thunderstorm times the 10 min éveraging period.

The coordinate system utilized in Reference [2-1] and also in this
report defines the x-direction as being measured positively in the direction
of frontal motion and the y-direction as being measured perpendicular to the
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frontal axis utilizing the right-hand rule, i.e., positive wy is measured
into the plane of the paper. The wx components of the_wind speed are posi-
tive in the direction of frontal motion, i.e., positive from left to right on
the contour maps and the vertical wind speed, wz, is positive in the upward
direction.

The data presented by Goff [2-1] are the longitudinal wind speed, wx,
relative to the motion of the storm. In this reéport, however, the data are
generally presented relative to the fixed frame of reference attached to the
ground.

In view of the 10 sec averaging period utilized to reduce the data, all
fluctuations in wind speed of frequency higher than 0.1 Hz have been filtered
out of the data. Thus, the data contain variations in wind speed having fre-
quencies of 0.1 Hz or less. These low frequencies are expected to be those
to which aircraft motion is most sensitive. However, to assure correct
simulation where high frequency wind components are significant, it is
recommended that a turbulent fluctuation be superimposed upon the quasi-
steady wind fields. Section 2.4 discusses and recommends a turbulence model
for use with the thunderstorm gust front data.

The following section, Section 2.3, describes the quasi-steady wind
speed profile grid system and presents working data for wind shear hazard/
flight simulation studies. The wind speed is referred to as quasi-steady in
view of the fact that it is averaged over 10 sec time intervals and thus
contains departures from the mean wind speed which is generally averaged over
a 10 min period or greater.

2.3 Quasi-Steady Wind Speed Profile Grid System

The wind fields of Goff [2—1]‘were fit to a 41 x 11 point grid system.
The grid system as illustrated in Figure 2-1 was superimposed on the contours
and wind speeds at each grid point tabulated and punched onto computer cards.
The data were later stored on magnetic tape. '

The grid system is numbered from the left-hand bottom corner. The
numbers increase from left to right in the positive x-direction of the
original data and from bottom to top in the positive z-direction of the
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original data. The wind speeds are given in units of meters per sec,
m s'], with wx being positive in the direction of frontal motion, wz being

positive upward and wy being positive into the plane of the paper.

The wind speed wx is stored on tape as the wind speed relative to the
storm motion. The stored values of wind speed are therefore the values an
observer would measure moving along with the storm. To convert to the earth
frame of reference the mean motion of the storm must be added to the longi-
tudinal wind speed. The next section describes tables ahd graphical illustra-
tions of the wind speed profiles. In these cases the mean motion has been
added.

2.3.1 Tables of Wind Speed

Tables of thunderstorm wind speed are given in Appendix 2A. The upper
portion of the table covers grid stations 1 through 21 and the lower table
covers grid stations 21 through 41. (Note column 21 is repeated for symmetry
and clarity of presentation.) '

The. thunderstorm case numbers designation for this report are listed at
the top of each table. The letters in parentheses and the following series
number corresponds to the thunderstorm designation given by Goff [2-1].

Also Tisted at the top of the table is the frontal speed, Wg, and the
horizontal length scales for the given wind record. The horizontal extent of
each data set varies because of the data reduction procedure. Hence, the
length of field, L, in kilometers and the horizontal grid spacing, Ax, are
specified on each table. The vertical extent of each field is taken as 500 m
with 50 m vertical grid spacing. | '

2.3.2 Illustrations

ITlustrations of the longitudinal, lateral, and vertical wind speeds
encountered along a 3° glide slope through each thunderstorm are provided in
Appendix 2B. The glide slope is adjusted to terminate at the lower left-hand
corner of each streamline plot as illustrated. The ordinate in the wind
speed profiles is height, z, nondimensionalized with the length, H = L tan 3°,
where L is the length of the wind field. Each profile is the wind seen by an
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airplane traveling along the flight path 1ine drawn across the streamlines as
shown in the upper figures. The flight paths are drawn to terminate in the
lower left-hand corner always. Note that the streamlines plotted are
relative to the speed of the front which for reference purposes is indicated
with the vertical dashed line on the horizontal wind speed profile. The wind
speed profiles are relative to the fixed earth frame of reference.

2.3.3 Computer Program for Computing Thunderstorm Wind Speed Profiles

A computer program has been developed which for given input x, z
computes the longitudinal, lateral, and vertical wind speeds at that position.
The six velocity gradients awx/ax, awx/az, awz/ax, awz/az, awy/ax, and awy/az
are also output by the program. A detailed description and user's instruc-
tions for the compUter program are provided in Appendix 2C. The computer
program also has the option of calling for turbulence which is super-
positioned upon the thunderstorm wind field. A non-Gaussian turbulence model
based on the technique of Reeves, et al. [2-3] is employed for turbulence
simulation.

It is intended that this computer program can be used as a subroutine
for direct application to fast time flight studies or for fast time computer
simulation of aircraft flight through thunderstorms. As an example of the
application of the computer‘program, the reader is referred to Reference [2-4]
in which this computer program has been used to study aircraft dynamics in
thunderstorms and Reference [2-5] where the data were used for manned flight
simulator programming.

2.4 Turbulence in Thunderstorms

Measurements of the power spectral density function for turbulence in
thunderstorms has been reported as early as 1962 by Steiner and Rhyne [2-6].
Their data was measured only over the approximate reduced spatial frequency
range of 0.004 to 0.4 rad m']. The theoretical von Karman spectrum follows
the data in this frequency range very well as demonstrated by Houbolt,
et al. [2-7], in Figure 2-2a. The Dryden spectrum, on the other hand, does
not compare as well with the data. However, with the properly chosen length
scale a reasonable fit is obtained (see Figure 2-2b). A1l reported data,
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however, were measured in the altitude range of 12 to 8 km and moreover they
do not extend to low enough frequencies to illustrate at which point the knee
of the turbulence spectrum curve occurs. The knee of the power spectral
density function is important in many design applications (see Reference
[2-8]) and particularly to the empirical value of length scale, L, used in
the analytical models of the power spectral density function.

In Reference [2-7] a comparison of the power spectral density function
of severe storms with that of cumulus clouds and clear air turbulence is
given (see Figure 2-3).. One can see from Figure 2-3 that the turbulent
spectra for severe storfis behaves very similar to that of cumulus clouds and
clear air turbulence with the only major difference being higher values of
$(Q) which indicates higher turbulence intensity. Again, these data are
measured at very high altitudes and probably do not include effects due to
the presence of the ground.

Reference [2-7] computes two values of turbulence intensity. One is
computed directly from the experimental data by integrating the power
spectral density function over only the 1limits of the frequency range in
which the data have been measured, i.e.,

U
0% = [ 6(2)de (2-1)

where u and % designate upper and lower, respectively. Spatial frequency
designated by @ is related to cyclic frequency used in Section 3-4 by

n = WQ/2wm. An alternate method of measuring the turbulence intensity is to
compute its value from the autocorrelation function evaluated at zero,

o2 = R(o) = | o(2)de | (2-2)

It is found that based on the Dryden model the two measures of turbulence
' 12
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intensity are related by

i -3 | (2:3)
where Qu and 92 represent the upper and lower limits, respectively, of the
range of the turbulent spectrum measurements. Also appearing in this equa-
tion is the length scale, L, which is an extremely important parameter in
fitting the analytical expression$ for the turbulence spectra to the data
(see Reference [2-9]).

Although the von Karman spectra tends to fit the data better as
illustrated in Figure 2-2, the Drjden spectrum is conventionally used because

of its rational form,

Ly %
6 = X X 1
Yy T+ (L, Q)2

X
L, oo 1+ 30, 2)2)
A ey (2-4)
y [1+ (L, 2)2]
y
L, o5 [1+3(L, 22
by = g 2
Y, "o, Q)21°
z

Evaluation of the Dryden spectrum in a turbulence simulation routine
requires knowledge of the length scale, L, and of the turbulence intensity,
5. Houbolt, et al. [2-7] recommend values of L = 1036 m and gives o; values
for the vertical f]uctuationé in the range of 4.88 m s'] to 2.27 m s'] and
for the lateral fluctuations of 4.69 m s'] to 2.69 m s']. Longitudinal
values of o were not measured. Adjusting o; to o from Equation 2-3 gives :

values of approximately 10.20 > oy, > 4.75 m s~ and 9.82 > Owy >5.63ms .
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These values cannot be used directly, however, because the ground is
expected to have a strong effect on the turbulence length scale and intensity.

No actual data for L and o nor for how they vary with height in a
thunderstorm below 500 m appears to be available in the literature. Barr,
et al. [2-10] postulate a decrease in length scale and intensity at low
altitudes. Preliminary results from the analytical model of Lewellen,
et al. [2-11] predict increasing values of Oy and oy, near the ground (see
Figure 2-4). In Section 3.4 it is recommended that near the ground the ratio
of owx/owZ and cwy/cwz be determined from Figure 3f5. The relationships are

~-0.4

0, /0, = [0.177 + 2.74 x 1073 2]
X Z

and

o, /o, =[0.583 +1.39 x 1073 21708 (2-5)
y Yz |

and for léck of a better mode} this relationship is recommended herein.

Also in Section 3.4, an equation (3-11) for evaluating cwszroposed by
Barr, et al. [2-10] is given. Evaluation of Ow, from this equation, however,
is very dubious for thunderstorms and is not recommended. For example, a
' T or greater (see

Section 3.4) which from Equation 3-11 gives a value of'awz =2.6m s'l. This

very large and uncommonly observed value of u, is 2 m s~

value which would occur on]y,infrequént1y in a normal boundary layer is a
factor of 1.8 lower than the lowest value of Ow, measured by Steiner and
Rhyne [2-6] bearing in mind, of course, that their data were measured at
altitudes between 12 and 8 km.

It is assumed, however, that Steiner and Rhyne's data will extend to
Tower altitudes and the procedure recommended for evaluating Ow, is to select

1

a value in the range of 10.20 > O, < 4,75 ms '. To predict Oy and Owy >

Equation 2-5 should be used.

The length scale of the turbulence may be selected from Figure 2-5 taken
from Reference [2-10] where ‘
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Figure 2-4 Profile of the RMS Values of the Vertical and Head-
wind Velocity Fluctuations as Predicted by Lewellen,
et al, [2-11]
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w W
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(2-5)

Table 2-1 provides values of cyclic frequencies for different veloc-
ities of W, and for spatial frequency of 0.4 and 0.004 radians/m,
respectively. It is observed from this table that the tabulated values
exceed 0.1 Hz only for the upper Timit of Q and at velocities greater than
10 m s']. The importance of this observation to the simulation model of wind
shear being developed herein is that the wind data utilized in the math
model- has been integrated over 10 sec periods and, therefore, contains
oscillations in the low frequency range of less than 0.1 Hz. Therefore, it
is proposed that a turbulence simulation for the current thunderstorm model
have all frequencies below 0.1 Hz filtered out using a high pass filter (see
Reference [2-12]). In many ways this result is advantageous because the
turbulence spectra are better known at high frequencies and can be simulated
very well; whereas, low frequency turbulence spectra are not yet well
defined. The high frequency range corresponds to the well established
inertial subrange [2-13] for which ¢(Q) obeys the -5/3 power law. A high
pass digital filter program was used with the computer program given in
Appendix 2C but is not included in the write-up because it is a standard
program given in Reference [2-14] and is too long to be included in this
report.

2.5 Statistical Model of Turbulence

In an attempt to make some estimate of the most extreme wind shear
which could be encountered during the expected 1ife cycle of a thunderstorm,
the 20 thunderstorm cases were taken as a sample for statistical purposes.
From this sample, wind speeds along the 20 flight paths illustrated in
Appendix 2B were statistically analyzed. Table 2-1 shows the ensemble
average of the wind speeds along the flight paths plus the one point
standard deviation of each wind Speed and the correlations between the wind
speed components. These values are defined as shown below for the

18



TABLE 2-1
ENSEMBLE AVERAGES, STANDARD DEVIATIONS AND CORRELATIONS

FOR wx, wy AND wz

Zo <wx> <w‘y> <wz>
0 9.0700 -0,6850 0.0000
50 9,.1895 -1.0350 -0,0519
100 9,7518 -1.2028 -0.1174
150 11.4401 -1.3898 -~0.2904
200 12.3359 -1.,2510 -0.2539
250 12.5787 -0.1779 -0.0397
300 11.8227 0.2164 -0.0670
350 B.8224 1.1370 0.6620
400 4,3032 2.1131 1.2981
450 1.4670 2.7131 0.8968
500 -0.1681 2.9205 0.4902
Z,. o 8] 9]

) wx Wy WZ

0 4.0341 3,7439 0.0000
50 3.4693 3,4720 0.1404
100 3.7829 3.6212 0.2641
150 3,9754 3.7328 0.4325
200 4,0718 3.7115 0.6148
250 3.8818 4,9743 1.0989
300 3.8244 5.1184 0.8581
350 5.4606 4.7680 0.9819
400 5.7848 %,.8223 1.2641
450 5,5734 7.3732 0.6563
500 5.3830 8.2354 0.4774
z 0, 0 P

0] wxwy wxwz wwa
0 3,4760 0.0000 0.0000
50 1.,9669 0.0184 -0.0567
100 1.5427 -0.1086 0.1101
150 0.3304 -0.7416 -0.0176
200 0.1972 -0,.8220 1.2121
250 0.9971 -0.8448 3.8696
300 0.,0995 -1,4322 2.1130
350 2.6395 -2.6172 1.2844
400 -4,8549 -2.5340 1.9091
450 -4,5407 -0,5253 -0.5719
500 - =2.0084 -0,1117 -1.8076
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longitudinal wind speed.

<W>= = W } -

Nz ™y

Z(wx - <wx>)2 ‘
o, = 121 | ' (2-8)
W, -

N -1

and

1Y )( ) (2-9)
P =¥ W, - <W >)(W,6 - <W > 2.9
wxwy N i=1 14 X Y; y A

The relationship for the lateral and vertical wind speed and other two
correlations are similarly defined.

The results of Table 2-1 allow a trivariate probability density function
for the wind components at each point along the flight path to be con-
structed. A trivariate distribution as described in Reference [2-15] is

given by

(s Wy W) = ce”1/2X° | (2-10)
where

C = 2ﬂ-3/2|51j11/2 (2-11)
and

x% = Is..22 + 2Is,.z

325 i32i253 i=1,2,3 | (2-12)

The vertical bars designate the determinant of the matrix sij where
20



0 p p
WX way waZ
S.. = see O X . ’. (2"]3)
1; , W , ;
’ 'y
see LN ] O'
wZ

and z, is the standardized variate

Zi = (wi - <wi>)/sij; j =‘1,2,3

From this function the probability of the wind vectors at each point can be
estimated, however, the mathematics involved is too complicated to present in
detail in this report and the reader is referred to Reference [2-15].

There is considerable encouragement that a probability model of
thunderstorms could be constructed since the components of [Sij] and the
ensemble averages for the 20 storms are reasonably consistent functions of
the spatial coordinate x,z. This is demonstrated in Figure 2-6 which shows
the variation of <W,>, Ow,, and Puyy a]ogg horizontal lines through the storm
at equal increments of At = 1 min or Ax/WX. The lines are at the 400, 300
and 200 m level. The data show well defined variation with time and con-
sistent trends with altitude. Equally consistent results are obtained with
the remaining statistical parameters.

These well behaved statistical parameters suggest that a study to
develop a complete statistical model of a thunderstorm be carried out. The
results of this study would allow simulation of thunderstorms, similar to
turbulence simulations, to be performed. Thus, a simulator could be pro-
grammed to simulate approaches and landings through a random selection of
thunderstorms. Moreover, the statistical model would allow an estimate of
the most extreme wind shear associated with a thunderstorm and its frequency
of occurrence.

Unti1vsuch a model is available, the best estimate of the probability
of an extreme value in the thunderstorm can be made from the tabulated
values‘of standard deviation (Table 2-1) and the assumption of a Gaussian
distribution. For example, one can estimate that at the point z = 250 m on

21
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Figure 2-6 Statistical Properties of Thunderstorms along Flight Paths at
Constant Elevations of 200, 300 and 400 m
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the: 3° glide slope wX will on the average be 12.6 m 5'1, there is however a
32% chance that it will be +3.88 m s~ of that value; a 5% chance that it
will be x7.76 m s'] of that value; etc. This approach assumes that the wind
fluctuations at neighboring points are statistically independent which is
obviously not the case in view of the significant value of the correlation
coefficients also shown in Table 2-1.

Considerably more work is required to produce a satisfactory statistical
model of a thunderstorm wind field, however, preliminary analyses conducted
on the sample of 20 thunderstorms suggest a meaningful model is feasible and
within reach.

2.6 Application of the Thunderstorm Wind Shear Model

The user of the thunderstorm wind shear model simply selects which
thunderstorm case is of interest to his simulation problem and generates
wind Speed profiles for given values of x and z throughout the wind field.
The selection of the thunderstorm case must consider two factors: one is the
length of horizontal fetch over which the simu]étion is to be carried out
and the other is the severity of the storm which it is desired to simulate.

A1l profiles have the same vertical extent which is 500 m. However,
they have different lengths depehding upon the mean motion of the thunder-
storm. If a simulation is to be carried out over a éignificant]y long
distance in the horizontal direction, one must select the storm which will
span the distance of the proposed simulation. Table 2-2 Tists the length of
each thunderstorm based on its case number. This table can be used to
select which thunderstorm case to use in carrying out the simulation where
the length of horizontal extent is critical.

The severity of the storms also differ for a number of reasons. One
is that the maturity of the storms as they passed over the tower were in
different stages of development, another is that the center of the thunder-
storm may not have passed over the tower and only the fringes of the storm
were recorded. In selecting a storm to have a severity appropriate for the
simulation to be carried out, the user may either inspect the graphical
illustrations shown in Appendix 2B and thus pick what would appear to be the
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TABLE 2-2

HORIZONTAL LENGTH OF EACH STORM RECORD

Case Length (km) . Case Length (km)
1 4.00 , 11 8.16
2 3.28 ' 12 3.64
3 5.71 13 6.35
4 7.69 14 5.13
5 11.43 o 15 7.41
6 7.27 16 4.44
7 7.84 17 11.43
8 5.56 18 16.00
9 7.41 19 7.14

10 8.51 20 13.33

worst storm relative to the simulation he wishes to perform. Note, however,
that the wind profiles shown are based on a specified flight path which
terminates at the bottom left-hand corner of each data set and which has a
constant 3° glide slope. Therefore, the flight path for which the winds are
illustrated may not pass through the worst part of the storm. In this case,
the user may examine the tables provided in Appendix 2A and by examining the
overall wind fields select from the tables the thunderstorm case which gives
either the largest longitudinal wind, largest vertical wind, or the largest
lateral wind, which ever may be of interest. '

Having chosen the thunderstorm of interest, one would normally wish to
predict what the probability of encountering such a thunderstorm would be
and with what frequency would such storms occur. Statistical models which
would allow this type of risk of exceedance estimate to be made are not
available and require further research for their development. The best
procedure to achieve some estimate of the probability of encountering such a
storm is to utilize the information provided in Section 2.5.  Table 2-1 in
this section gives the ensemble averaged wind speeds for all 20 thunderstorm
cases and the standard deviations of these wind speeds about this mean.
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Again, these results are compiled for only those flight paths as specified
earlier. The user can, by comparing his selected storm with the ensemble
averaged value, determine the number of standard deviations his storm departs
from the mean and in this way estimate the probability of the wind field
magnitude. The addition or subtraction of standard deviations about the
mean at each point along the wind field provides only a crude estimate of
the statistics of the thunderstorm wind fields, however. This point is well
illustrated by inspection of the coherence between wind speed components
provided in Table 2-1. There is a very strohg coherence between wind speed
components and therefore each point in the wind field does not behave inde-
pendently. Therefore, it is incorrect to simply add standard deviation at
each point but in lieu of a better approach this method can be followed.

The foregoing arguments clearly indicate that there is a need to carry
out a more detailed analysis of thunderstorms such that a statistical model
which would provide the extreme magnitudes of wind speed and of the wind
shear expected to occur in a thunderstorm will be available. The frequency
of occurrence of the extreme is also greatly needed.

The turbulerice model developed in conjunction with the thunderstorm
wind shear model should definitely be used in carrying out any simulation
process. The reason for this is that the data utilized to develop the_wind
shear model predict at most downdrafts of 3 m 5'1.
high as 15.5 m s'], however, are reported in [2-16 and 2-17]. These values,

however, are undoubtedly averaged over much shorter periods of time than 10

Values of downdrafts as

sec for which the data presented herein are averaged. Neither reference
gives any information on the averaging time utilized in arriving at the
quoted value of 15.5 m s']. Two models of thunderstorm wind fields that

have been developed by Keenan [2-17] are tabulated in Tables 2-3 and 2-4.
These wind fields were reconstructed from the flight data recorder of aircraft
involved in accidents resulting from flight through severe thunderstorms.
Inspection of these tabulated results illustrate that much more extreme
downdrafts or downbursts as defined in Reference [2-16] occur in these data

sets than in those tabulated in Appendix 2A.

There is at this time conflicting data and opinions as to the maximum
magnitude of the downdraft that can occur in a thunderstorm. Although the

26



Table 2-3 Thunderstorm Wind Field, B10, Similar to Philadelphia/Allegheny
Profile [2-17]; HX - Horizontal Station (ft.), Velocities Are
Given in Knots and Height in Feet.

A W
DR % Wy W,
"y = je2nt.of ]
"‘.fll:i 12.50 « 00 .00
75,00 12.50 } .00 .00
106,00 12.50 .00 .00
150,00 12,50 .00 .00
200,00 12.50 .00 .00
300,00 12.50 .00 .00
«nn,00 12.50 .00 . 00
500,00 12.50 o 00 .00
ee0.00 12.50 . .00 .00
700,00 12,50 « 00 .00
80C,0" 12.50 ' «00 « 00
is00.00 12.50 .00 .00
HX = 11600,00 ‘
n,0n ~16.00 .00 «00
75.00 -16,00 ) .00 .00
100,00 -16.00 .00 : .00
150,00 16,00 .00 ., 00
zoc.00 -12.,50 .00 .00
306,00 -10.50 «00 .00
Len, 00 ~7.5¢ . « 00 «00
Lot no -5.50 «00 .00
énc,on -2.50 .00 .00
700,00 ~.50 .00 .00
epe.ep 5.00 W00 .00
1800, 00 5.00 .00 . .00
KX = Lank,on
r.0o -27.00 . 00 .00
78,00 ~27.00 » .00 .00
100,00 ~27.00 .00 .00
186,00 -27.00 .00 .00
2en.00 -27.00 .00 .00
300,00 -24,00 ,00 .00
“o0,00 -20,00 .00 .00
S0C,00 ~16.50 .00 00
6p0,00 . =9.00 .00 .00
700,00 ~.50 .00 .00
BON, 00 5.00 .00 00
1500,00 5.00 .00 200
Hx = 4Cp0.0n
e0.0n -24.00 .00 .00
78.00 ~26,00 .00 : .00
100,00 ~264,00 .00 «00
18¢C. 00 -24.,00 .00 N
0,00 -24.00 .00 00
ano,0n 74,00 .00 .00
4or . op -22.00 200 .00
Eor,0f -13.5¢p .00 .00
€nn, 0o -9.00 .00 .00
Tor,en -.50 T .00 «00
ENO, 0D £,0¢ .00 .00
1500, 00 : 5,00 .00 .00
Fxo= 3008,00
e,0p ~27.50 .00 ~ J00
1S5.00 ~27.%0 .00 <00
jon,nn -27.50 .00 .00
150,00 -€5.00 .00 .00
206,00 ~22,50 .00 .00
e, 00 ~18,50 .00 .00
400,00 «14,00 .00 .00
Spr, 00 -8,00 .00 .00
€00, 00 -t,00 .00 .00
To0,00 1.00 .00 .00
Enn,AA $.00 . .0 .00
1800, 00 5,00 .00 .00
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Table 2-3 Continued

W
z X Wy Wz
ok S ef e 0
e -22.50 .0 .oc
78,00 -22.50 «00 .00
jer.n0 -22.50 . .0p .00
150,00 -19,5¢ .00 .00
200,00 -16.5¢0 g 200
2er.00 -12.50 .00 .00
4ng,po -6.00 .00 .00
son,ph -2.00 .00 .00
€00, 00 1.00 .00 .00
700,00 4,00 .00 .00
8no,.00 7.50 .00 .00
1506.00 7.50 .00 .00
HX £ ~400,00 .
: P, 00 -4,00 . .00 .00
75,00 -4,00 : .00 -8,89
1pn,pn -4 .00 .00 ~12450
180,00 .00 .00 . -17.80
200,00 £,00 .00 -17,80
3anc,pn 12.50 .00 -17.80
406,00 12.50 .00 ~17,8¢
cor, 00 12.50 .00 17,80
[XTIRLY 12.50 00 ~17.B0
700,060 12,50 .00 ) ~17.8y
Bop,pbd 12.50 .00 -17.80
1500,00 12.50 L 0D -17.80
HX = =10H6,00
c.on ~1.00 . 00 : 00
75,06 -1.00 .00 -8,90
10¢,.00 -1.00 00 -13,40
150,04 S.00 .00 -17,80
200,00 12.50 : w00 -17.80
30r,00 12.50 .00 -17.8¢
400,00 12.50 : .00 -17.80
Eao.00 12.5¢0 k . DD -17,kD
6nr .00 12,50 .00 ~17,¢0
T00,0¢ 12,50 .00 17,80
BOO, 0N 12,50 .00 -17.50
1560.00 12.50 .00 -17.80
HY = -3400,00
c.op 25,00 .00 .00
75.00 26.00 .00 -8,9¢
100,00 25.00 .00 13,40
150,00 15,50 .00 -17.80
200,00 12.50 .00 ~17.E0
300,00 12.50 « 00 -17.860
400,00 12.50 .00 -17,80
so0, 00 12.50 .00 ~17,.80,
ecn, 00 12.5¢C 200 ~17.68p
Je0,00 1750 e dq -17,60
Ene pop 17.50 .00 -17.40
1500, pn 12.50 .00 ~17.80
Hy = ~aDOL,NF
o.0n Z9.00 .00 .00
78,00 29.00 .00 -F,90
1op,00 29.00 00 12,40
15,00 25.00 .00 -17.80
zoe,.on 20,00 .00 ~17.80
201,00 12.5¢0 .00 17,80
400,00 12450 .00 ~17.80
00,00 12.5¢ .00 ~17.80
enc.op 12.5¢ .00 -17.80
Tnr,on 12.50 .00 -17,.50
BRAO, 0N 12.50 .00 -17.80
1500, 060 12.50 . 00 -17,80
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Z

-X = -tlcT,0F
t.o0
78,00
lgt, 00
150,00
200.0n
300,00
400 0n
sat,00
enc, 00
700,060
eno,00
iS00, 0n
Hx = -B0C0,.0D
e.on
TR, 00
100,00
180,060
20c.00
3¢r, 04
400,00
500,00
0. np
70,00
80C.00
15cr,.hn
Hx = -500n,00
.00
75,00
L. 00
180, 00
eng.nn
3nr,nn
400,07
60,00
600,00
700,00
Bor,.pn
1500,06
HX = =)sppn,0f
o.pf
75,00
ier.on
150,00
700,00
300.00
spl,0n
500,00
IS
700,00
EOO L 00
1500, pp
WA = =1560C,00
c.0n
78, ph
10,00
i=t.of
200,00
e, 0f
apt ng
Y Y
L0, 00
7eh.00
bot,00
1500, 00

Table 2-3 Continued

<00
+00
.00
«00
'oo
.00
«00
« 00
.00
.00
00

. 00

.00
.0p
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

.00
.0
.00
00
- 00
.00
«00
« 00
«00
2 00
«0C
000

.00
Ry
.00
.00
<00
«00
-0C
- 00
<00
£0n
+00
«00

+ 00
«00
« 00
+00
«00
«00
0
+ 00
00
«00
«00
00
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Table 2;3 Continued

W - W W
2 X - Yy Z
HX = ~18500,0¢0

£.00 12,50 -00 <00

75,05 12.50 : «00 .00

100,00 12.50 .00 .00

180,00 12.50 .00 .00

200,00 12.50 ~ .00 .00

300,00 12.50 .00 .00

400,00 12.50 .00 , .00

560,00 12.50 .00 v ) .00

60N, 00 12,50 . .00 .00

700,00 12.50 .00 .00

RpO,.AD 12.50 . .00 - .00

1500,06 12,50 .00 .00

6 TURBULENCE PARAMETERSey WIND PROFILE: BlO

20.00 3,40 2.70 2,36 105,70 49,70 10.40
100.00 4,0% 3,68 3.53 216.70 1364.20 53,00
200,00 4,82 3,98 4,35 306,50 213.50 106,0C
0000 4,85 4,50 5.36 433,50 339.60 212,00
6U0.00 5.11 4,86 6,05 §30.90 465,60 318,00
1500.00 .76 5,78 7.94 840,90 824,50 795.30

Table 2-4 Thunderstorm Wind Field, B11, Similiar to Kennedy/Eastern
Profile, [2-17; HX - Horizontal Station (ft.), Velocities
Are Given in Knots and Height in Feet,

ry = 3000,00 :

20,00 -16.90 3.00 .00

180,00 ~19,490 7.50 .20

28N, 00 -¢0.10 B.00 =70

250,00 ~23.60 900 2.20

450,00 -20.80 10.00 14,70

550,00 -26.70 ) 11,00 -9,70

£50,00 | ~13.50 12.00 ~9.70

Bar, 00 4,60 12.80 -6,50

1200.00 -~4.00 11.20 -3.3¢0

1500.00 ~4,80 10.00 - =3.40

Hx 3 1000, 00

' 2C.0n -15.590 3.00 .00
120,00 -20.30 7.50 ~e40

25C. AP ~21,.40 8.00 -2,5¢0

35C.00 -23.8¢0 9.00 -1.10

50,00 ~26.60 16,00 -2,50

see.on -26.00 11.00 ~8,00

£8P, 00 -23,.50 12.00 =12.,90

00,00 ~5.60 12.80 -7.70

iz00,.00 -3.10 11.20 =7.40

150000 ~2.30 10.00 ~6,10
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Table 2-4 Continued

Z . W
Wx ‘ﬂy A
S Fxo® elpac,pn )
e, 00 -13.20 3.00 .00
150, 0° -19.90 7.50 .00
250, pp -22.20 B.00 -3.60
R0, 00 -20.80 9.00 -€.,00
450,00 -2%.60 10.00 .00
£50,00 ~28,40 11,00 .00
650,0p -23.10 : 12.00 11,40
’ FOD, 00 i -9.10 12.80 -10.90
izer.00 ~2.70 i 11,20 ~B.40
1500.60 -2.40 10.00 ~S.00
X T a3000,00
20,00 -8,5¢0 3.00 .00
180,00 -9.90 7.50 -.50
250,04 -10.40 e.o0 . ~6,10
389,00 =10.40 9,00 -17.90
480,00 -11.10 10.00 ~£7,70
BEN, 00 -=7.00 1,00 -30,60
650,00 -4,10 12.00 -27.00
BOC, 0N : +00 12,.8¢ -16,60
126,00 «00 11.20 -34,8D
1500.06 . 00 10.00 -14,80
HX = -50(«'3_9" : .
?r.00 5.50 2,00 .c0
180,00 9,90 7.50 -.90
250,00 10.40 E.00 -6,10
250,04 » 10,40 9.00 -17.%0
48e, 00 11,10 10,00 -27.70
50,00 7.00 11,00 -30,6¢C
620,00 4,10 12.00 21,70
EO0 00 ) .00 12.80p ~16.60
1200.00 .00 ) 11.20 -14,80
15co.nn «00 10,00 =14,.,80
hx = ~o000, 00
26,00 11.90 3.00 .00
150,00 17,50 7.50 -.70
250,0p 18,80 e.00 b,)0
38R, 00 20.80 - : 9,00 -10,30
4RO, 00 16.80 10.0¢ ~}1Z.30
550,00 17,40 11,00 -24,00
€50,00 6.20 12,00 ~24,60
apa,on S.6¢C 12.60 ~13,40
17200, 00 2.40 11.20 ~14,00
1500,00 _1.50 10.00 ° ~12.30
ny = ~1000,00 :
20.0n 13,20 2.00 .00
150,00 19,90 : 7.50 .00
280,00 . 2?.20 R, 00 -2,60
250,00 ec.80 €,00 6,00
cse,0p 25.60 10.00 .00
220,00 2R 40 jl.00 .00
CEf, 0N 23,10 12.0¢C 11,40
EOr,0F 9.10 12.80 ~1C.90
12ac,0n 2,70 1l.2p -E.40
1E0C, 00 2.60 10,00 -5.00
MX = ~5000,.00
26,03 13,50 3,00 .00
180,00 23489 7.5 -, 40
250,07 21,5» .66 -2.65
382,03 23.12 9.9 4,1y
Az Al 23.1) 10,00 -PRE
T A 2r,a 11,7 o
£5r 09 25,40 12.0¢ 11,5¢
' ans, pa 7.80 12.38n0 ’ 2.70
12a7,6n 3.20 11.20 R,90
i€27,0n 2,40 10,00 7.0¢
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‘Table 2-4 Continued

z W
HX &  -%000,0n )
20,00 16.50 3,00 : W00
150.0p 20430 . 7,50 “ 40
250,07 2} 440 A,00 -2,50
350,00 23.80 9.00 . 1,10
450,00 26.60 10,00 2.50
550,00 . 26.00 11,00 -8,00
650,00 ”3.50 12,00 k -12.90
ROO,N0 5,60 12,80 ~T1,70
1200,00 3,10 11.20 . =7,40
15600,00 2.30 10,00 6,10
HX =  «14000,00
20,00 16,80 3,00 .00
150,00 ’ 20,10 7.50 -,20
250,00 20480 8.00 -.90
350,00 23,80 9,00 .00
450,00 25.50 10,00 6,0C
550,00 25.30 11,00 -12,90
650,00 20,80 12,00 -12.9¢0
ROO,00 4490 172,80 -A,10
1200,00 3.30 11.20 5,60
. 1500,09 6.10 . © 104,00 4,40
HX & =11000,00
20,00 16.90 3,00 L 00
150,00 19,40 7.50 -, 20
?ﬁl\.n(.) ?0-‘0 8.00 ’070
380,00 23,690 9,00 2,20
450,00 20.80 10,00 . 14,70
550,04 264,70 11.00 -9,70
650,00 . 13.5¢ 12,00 . -5.70
B00,00 4,60 12.80 =6.50
1200,00 44,00 11,20 3,3
1500.00 4,80 10,00 =3,40
HX = =13000,00 )
20.00 17.10 . 3,00 .00
]50.0[\ 19,30 T.50 «00
250,00 . 20,00 R.00 . -.20
356.00 23,20 9,00 2,20
450,00 ' 26,60 : 10,00 ~2,50
550,00 17,80 11,00 b, 40
650,00 15,60 12,00 ~3,00
ADD, N0 646U 12,80 ~1,90
i2o0.00 6.10 “1v.20 ~1,50
o 1500,00 5,80 10,00 - : -,90
HX =  =31000,00 ) ‘
20.00 9,60 3.00 i .00
150,00 19,10 7.50 .00
250,02 ) . 20,10 8,00 .00
350,00 : 22.90 9,00 «00
450,00 26,70 10,00 ’ .00
SN, 00 B 19,00 11,00 W00
651, 00 15,80 12.00 .00
ROO, 00 7.00 12,80 .00
1200,00° 6.50 11,20 00
150,00 6,00 10.00 V00
TURRULFNCE PARAMFTERSy WIND PROFILE: B11
20.00 3.4 2.0 2.36 105.70 49,70 10,40
100,00 4,06 3.46 3.53 216,70 134,20 3,00
2¢r.00 “,47 3,55 6,35 306.50 213.50 1v5,00
40000 4,BS 4,50 5.3b 433,50 329,60 2i2.0C
A0C.00 S5.11 4,86 6,05 530.90 cus, 60 318,0¢
18¢0, 00 .74 S, 78 7.9 40,90 £24,50 795,50
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10 sec average data of Goff [2-1] will have lower values than the peak
downdraft wind speeds reported by Fujita [2-16], the discrepancy in the

values cannot be completely contributed to averaging time. A recent report
by Alexander [2-18] gives a statistical summary of vertical wind speed data
recorded at NASA's 150 m ground wind tower facility, Kennedy Space Center,
Florida. One year of continuous around-the-clock vertical wind speed measure-
ments were processed to determine the intensity, frequency, time of occur-
rence, etc., of the daily maximum vertical gust. Both updrafts and downdrafts
were studied. These values represent 0.1 sec averages and the maximum
vertical downdraft recorded is 9.3 m s'] although data recorded Specifica11y/
during the hurricane Agnes indicated a downdraft in excess of 11.9 m s'].

Sinclair [2-19] indicates that downdrafts at 1000 m for an Oklahoma
thunderstorm may be considerably in excess of the 15.5 m s_] kecorded in
Reference [2-16]. Sinclair has experienced and measured downdrafts as high
as 28 m s'] based on a 1/25 sec averaging period. Finally, the numerical
model of Williams, et al. [2-20] does not predict wind speed downdrafts

greater than 10 m 571,

Thus, it is evident that research is needed to briné_together the data
curreﬁt]y available and to resolve the maghitude of the maximum downdraft
which can occur within a thunderstorm. This would allow the current simula-
tion model to be updated by superimposing turbulence fluctuations of
realistic magnitude on quasi-steady wind fields. For the time being, however,
to provide an estimate of wind fields which would be consistent with the
higher values of vertical wind speed reported in References [2-16 and 2-17]
consider the following.

If the wind shear model based on the thunderstorm data from Goff [2-1]
incorporates into the turbulence simulation fluctuations which are based on
4,75 < Ow, S 10.2 m s’] recorded at 12 to 8 km as described earlier in Section
2.4, very high downdrafts will be computed. For example, taking the average
L and adding to that the 10 sec average wind speed of
approximately 2.5 m s-], a value of 10 m s~ | is obtained for one standard
deviation and a value of 17.5 m s'.I fbr two standard deviations. The
reported value of 15.5 m s'1 mentioned earlier is slightly less than two
standard deviations about the 10 sec mean. Thus, statistically it is clear

value of oy, = 7.5ms’
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that downdrafts of 15 m s'] or greater can readi]y’occur‘in thunderstorms if
the turbulence intensities at altitudes of 12 to 8 km extend to the ground.
However, turbulence intensity is normally attenuated near the ground and it
is not confirmed that such high values exist there. Until this is experi-
mentally resolved, it is recommended that the model of thunderstorm wind
shear based on the extensive data from Goff [2-1] should have turbulent

fluctuations superimposed with a standard deviation of oy = 7.5 m s

The
downdraft magnitudes reported in accident investigation will then be achieved

in the simulation.

It is anticipated that the proposed turbulence simulation model based on
the work of Reeves, et al. [2-3] will provide a realistic turbulence simu-
lation to accompany the wind shear model proposed in this report. However, a
better simulation of the large downdraft fluctuations that occur in a thunder-
storm can be achieved by utilizing a model of turbulence which includes
cohererice between different levels of the atmosphere or between different
positions in the storm. Such a model has been preliminarily developed by
Perimutter and Frost [2-21]; however, this model requires further perfection
and the coherence function associated with thunderstorms must be developed to
permit its use.

An alternative explanation of why the data of Goff does not contain
downbursts of the intensity reported in [2-16 and 2-17] is that the 20
thunderstorms investigated may not contain a "spearhead echo" type storm
[2-16] or the measured data may not encompass the downdraft portion of the
storm. Fujita [2-16] defines a downburst as WZ =3.6m s'1 at the 300 m
level. The averaging time related to this wind speed is not specified, and
it is not known whether this represents a peak gust or a value averaged over
some interval of time which is undoubtedly less than 10 sec. The data of
Goff [2-1] do not indicate any values of W, that equal or exceed the 3.6 m s~
definition of a downburst. There are a few values, however, that do approach
the 3.6 m s"] level; for example, thunderstorm cases 8 and 11 shown in Table
2-5 which lists the maximum and minimum values of wz recorded at the 300 m

1

level in the data utilized to construct the thunderstorm wind shear model
given in this report. The fact that no downbursts are recorded is not sur-
prising, however, because obviously the chance of a downburst being directly

over the tower the instant of maximum intensity is extreme1y small.
: 34



TABLE 2-5

MAXIMUM AND MINIMUM VERTICAL VELOCITIES AT 300 m
LEVEL IN DATA OF GOFF [2-1]

Case W (m s']) W (m 5'1) Case W, (m 5'1) W, (m 5'1)

Zmax Zmin max Zmin
1 1.6 -2.5 1 1.8 -3.0
2 3.0 -1.2 12 2.0 -0.9
3 2.6 -1.1 13 3.2 -0.7
4 3.0 0.7 14 2.1 -1.0
5 3.0 -1.3 15 2.0 -0.5
6 3.7 -1.5 16 2.0 -1.0
7 1.2 -2.1 17 1.1 -0.5
8 4.0 -3.0 18 1.0 -1.0
9 4.1 -0.1 19 2.0 -2.0
10 3.0 -1.2 20 0.2 -1.1

Fujita [2-22] points out the probability of an airport being under the
influence of a spearhead echo is very low and is probably Tess than 2 percent
of the thunderstorm probability. Moreover, he notes that the location of
aviation hazards for the extreme downburst is 1imited to only a fraction of
the spearhead echo area. With this in mind it is relatively easy to believe
that the data of Goff do contain a few storms of the magnitude approaching
those types defined as spearhead echo by Fujita. Moreover, since several of
the storms clearly record downdrafts approaching the magnitude of downbursts
for 10 sec averaged wind speed, it is envisioned that significantly higher
downward gust for a shorter, say, 3 sec average are contained in the original
data.

The data set illustrated in Tables 2-3 and 2-4 is being punched on cards
and will be included with thunderstorm data now stored on magnetic tape. It
is believed, however, that the current data set utilizing the appropriate
turbulent intensities will provide a valid simulation of thunderstorms for
flight/hazard simulation studies. The larger selection of thunderstorms, 20
in number, enables a manned flight simulation study to provide the pilot with
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several different thunderstorm situations that do not duplicate those that he
has negdtiated in previous tests. Thus, he cannot learn a given storm. By
selecting the same sequence of thunderstorms, a second pilot involved in the
same test program can be exposed to the identical test pattern utilized for
the first pilot with neither pilot flying the same storm more than once.

Finally, it is called to the attention of the user, that in carrying out
a simulation where avionics using ground wind speeds as inputs are being
studied, the storm must be considered to be passing over the airport or
- anemometer from which the ground wind is being determined at the speed of the
gust front, W%. Therefore, the length of the thunderstorm record used in the
simulation must be sufficiently long that the 1ocation of the assumed
anemometer at the airport has not moved out of the range of data set during
the time taken by the aircraft to complete its approach.

2.7 References

2-1. Goff, R. Craig. "Thunderstorm Qutflow Kinematics and Dynam1cs,
NOAA Tech Memo ERL NSSL-75, December 1975.

2-2. Frost, Walter, and D. W. Camp. "Wind Shear Modeling for Aircraft
Hazard Definition," Report No. FAA-RD-77-36, March 1977.

2-3. Reeves, P. M., R. G. Joppa, and V. M. Ganzer. "A Non-Gaussian
Model of Cont1nuous Atmospheric Turbulence for Use in Aircraft
Design,"” NASA CR-2639, January 1976.

2-4. Camp, D. W., and Walter Frost. "Flight through Thunderstorm
Outflow," Paper submitted to the Eleventh Congress of the
International Council of the Aeronautic Sciences (ICAS),
September 1978, Lisbon, Portugal. :

2-5. Gartner, W. P. "“"Simulation Tests," Plan for Phase III Testing of
Ground Speed and Modified Flight Director Techniques in a
D-727 Simulation, Engineering Service Support, DOT Contract
FA75WA3650, Stanford Research Institute, Menlo Park,
California.

2-6. Steiner, Roy, and R. H. Rhyne. "Some Measured Characteristics of
Severe Storm Turbulence," National Severe Storms Project,
Report No. 10, July 1962.

2-7. Houbolt, J. C., Roy Steiner, and K. G. Pratt. "Dynamic Response

of Airplanes to Atmospheric Turbulence Including Flight Data
on Input and Response,” NASA TR R-199, June 1964.

36



2-9.

2-11.

2-12.

2-13.
2-14.,

2-19.

2-20.

. Murrow, H. N., and R. H. Rhyne. "The MAT Project--Atmospheric

Turbulence Measurements with Emphasis on Long Wave Lengths,"
Proceedings of the Sixth Conference on Aerospace and Aero-
nautical Meteorology of the American Meteorological Society,
November 1974. .

Houbolt, J. C. "Design Manual for Vertical Tests Based on Power
Spectral Techniques," Tech Report AFFDL-DR-70-106, U. S. Air
Force, December, 1970. (Available from DDC as AD879 736.)

Barr, N. M., Dagfinn Gangaas, and D. R. Schaeffer. "Wind Models
for Flight Simulator Certification of Landing and Approach
Guidance and Control Systems," Report No. FAA-RD-74-206,
December 1974.

Lewellen, W. S., G. G. Williamson, and N. E. Teske. "Estimates
of the Low Level Wind Shear and Turbulence in the Vicinity of
Kennedy International Airport on June 24, 1975," NASA CR-
2751, October 1976.

Bendat, J. S., and A. G. Piersol. Random Data: Analysis and
Measurement Procedures. New York: International Science, 1971.

Hinze, J. 0. Turbulence. New York: McGraw-Hi11 Book Co., 1959.

Rabiner, L. R., and Bernard Gold. Theory and Application of Digital
Signal Processing. New Jersey: Prentice-Hall, Inc., 1975.

Crutcher, H. L., and L. W. Falls. "Multivariate Normality," NASA TN
D-8226, May 1976.

Fujita, T. T., and Fernando Caracena. "An Analysis of Three Weather
Related Aircraft Accidents," SMRP Research Paper 145, Department
of the Geophysical Sciences, The University of Chicago, April 1977.

Keenan, M. G. Personal communications, Stanford Research Institute,
Menlo Park, California, October 1977.

Alexander, M. B. "An Analysis of Maximum Vertical Gusts Recorded at
NASA's 150 m Ground Winds Tower Facility at Kennedy Space Center,
Florida," NASA TM 78139, September 1977.

Sinclair, Peter. Personal communications, December 20, 1977,
Colorado State University, Colorado.

Williamson, G. G., W. S. Lewellen, and M. E. Teéke. "Model Predictions

of Wind and Turbines Profiles Associated with an Ensemble of
Aircraft Accidents," NASA CR-2884, July 1977.

37



2-21. Perlmutter, Morris, and Walter Frost. "Three Velocity Component,
Atmospheric Boundary Layer Turbulence Model," Contract No. NAS8-
29584 Report, prepared for NASA, Marshall Space Flight Center by
the Atmospheric Science Department, The University of Tennessee
Space Institute, September 1976.

-2-22. Fujita, T. T. "Spearhead Echo and Downburst near the Approach End of
a John F., Kennedy Airport Runway, New York City," SMRP Research
Paper 137, Department of the Geophysical Sciences, University of
Chicago, September 1976.

38



SECTION 3.0
NEUTRAL AND STABLE BOUNDARY LAYERS

The data set utilized in formulating a mathematical model for wind
shear or wind fields associated with neutral and stable boundary layers
relies mainly on the work of Clarke and Hess [3-1]. Although numerous
analytical models for boundary layers, both under neutral and stable condi-
tions were available in the literature, these were in general based on the
assumption of constant stress which is valid only to the first 50 or 100 m
of the atmospheric boundary layer. Other analytical models which did not
evoke this assumption and included the influence of turbulence of the atmo-
spheric boundary layer were generally highly mathematical and required
numerical solution with a computer. Therefore, the data set of [3-1], which
are presented in the form of contour maps of constant longitudinal and
lateral wind speeds as a function of height, z, and the stability of the
atmosphere expressed by the stability parameter, u, allowed tabulation of
the wind fields on a‘gﬁid system. These tabulated data were then coupled
with a table lookup computer program to provide the fast time wind speed
model for flight hazard simulation.

None of the data sets or mathematical models available in the Titerature
for boundary layers (see Reference [3-2]) incorporate horizontal variation
of wind speed. Hence, the wind shear models for neutral and stable boundary
layers reported herein depend only on the vertical scale, z. It should be
borne in mind, however, that terrain features indigenous to each landing
site can influence the spatial gradient of the wind speed horizontally and
also introduce a possible vertical wind speed component. Fortunately, most
airport terrain is relatively flat and not surrounded by high mountains or
sharp cliffs which create flow disturbances, both vertically and horizontally
in the wind. Therefore, the wind shear model described in the following
section is expected to present a valid simulation of wind shear in terminal
areas of the typical airport. However, indiscriminate application of the
model is cautioned against until further studies of wind fields over irregular
terrain become available.
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3.1 'Data Source

Boundary layer data are presented in the form of horizontal and lateral
wind vector components. The boundary layers are described over flat uniform
homogeneous terrain and therefore have no vertical component of wind speed
or dependence on the x-coordinate. Of course, when turbulence fluctuations
are superimposed as described in Section 3.4, a vertical component can
occur. The wind speed profile is thus dependent only on the height, z, and
on the stability of the atmosphere characterized by the stability parameter,
u. The data set used in the boundary layer model is based on the results of
the extensive wind speed measurements reported in Reference [3-1]. Also,
the influence of baroclinicity is neglected and is justified for this data
in Reference [3-1]. _ -

Wind speeds and temperatures were measured over a very flat, smooth
surface having a mean surface roughness parameter, Zs of .approximately 3.5
mm. Hourly double theodolite observations of pilot balloons were taken at
five stations for 40 days. Micrometeorological observations were taken at
two of the five stations. Wind profiles were measured at 0.5, 1, 2, 4, 8
and 16 m while temperature differences were measured at one station between
1 and 2 m, 2 and 4 m. Values of u, were estimated by the drag coefficient
method and values of surface heat flux by means of temperature and wind
profiles. Surface pressures were measured at each of the five stations and
radiosonde measurements were made every three hours at the central station.
In addition, three hourly surface pressure and temperature data from 14
stations at distances up to 350 km away were used to augment the data obtained
by the research.expedition.

Geostrophic winds were determined from the data by using second order
curve fitting procedures on the pressure data. Thermal winds were determined
using temperatures from a surface network reported every three hours and
from a temperature field measured each day at 1500 hours. Interpolation
from the three-hour data set were primarily used in assessing baroclinicity
which was shown to be small. A second set of thermal wind estimates based
on twice daily radiosonde data from a network of five stations were also
made. Reference [3-1] reports that surface geostrophic winds were well
determined as evidenced by the high correlation (93 percent) with observed
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winds; however, no claim of high accuracy in estimating thermal winds is
made in the report.

These data thus reduced were reported by Clark and Hess [3-1] in the
form of contour maps of winds as a function of dimensionless height, z =
zf/u*o, and of the stability parameter, u = Ku*/fL' The contours of the
map are lines of constant Aﬂ =W (z 0.15) - W (z) and Awy = w (z) -

w (z = 0.15), respectively, where w is the d1mens1on1ess wind speed W/u*
The symbol f is the Coriolis parameter (here, treated positive in both
hemispheres with a right-hand coordinate system implied in the Northern
hemisphere). For use in this report, the data were converted to a 34 x 11
grid as illustrated in Figdre 3-1. The data were then stored on magnetic
tape and a computer look-up routine developed for interpolating the values
of ﬁx and Wy for given values of z and 1. The tabulated data are given in
Appendix 3A, illustrative wind speed profiles are given in Appendix 3B, and
a computer program for looking up and interpolating the data is given in
Appendix 3C.

3.2 Presentation of Da%a

The data are presented in a right-hand coordinate system with WX
positive in the direction from left to right and ﬁy positive into the plane
of the paper.

The values of u range from -333.34 to 216.67 in increments of Au =
16.67. This unusual increment size was chosen for convenience in extracting
the data from the contour plots. Values of Z range from 0.001 to 0.15 in
increments of AZ = 0.0149.

Because of the similarity and scaling laws used in reduction of the
data, values of wind below z = 0.001 are not given. To establish the profile
from Z = 0.001 to zero the log-Tlinear wind speed profile was used (for a
description of the log-linear wind speed profile see Reference [3-2]).

Values of QX(E) below z = 0.001 are determined from

W(2) =L (en(RoZ+1)+4.52u/kl; uz0,0s52<0.00 (3-1)

where Ro is‘the Rossby number defined as Ro = u*/fzo. The variable z, is the
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empirically determined surface roughness. Typica]Avalues of z, are given in
Eeferepce [3-2]. The value of wy is zero for 0 < z < 0.001. Introducing
z = 0.001 into the equation gives the value of wind speed to which all the
tabulated longitudinal wind speeds are referenced. ‘

3.3 Mean Wind Speeds

This section considers values of the mean wind fields computed from the
mathematical model of the neutral and the stable boundary Tayers. Although
the data include the range of unstable condition, i.e., -334.34 < u < 0,
strong wind shear is not normally associated with unstable boundary layers
and hence no values of winds for this range of u are given.

The wind data are averaged over a 10 minute period or longer and thus
represent mean values. A model of turbulence for the neutral and stable
boundary layer is given in Section 3.4 which is superimposed td'give the
random instantaneous wind speed.

The grid system used in storing the data is numbered from the bottom
left-hand corner. The numbers increase from 1eft to right in the direction
of increasing u and from bottom to top in the direction of increasing z.
Thus column 1 corresponds to p = -333.34 and column 34 corrésponds to |
216.67 where row 1 corresponds to z = 0.001 and row 11 corresponds}to
0.15.

u

~N

Zz

3.3.1 Tables of Wind Speed

Tables of the longitudinal and lateral wind speeds WX(E) and ﬁy(ﬁ) for
neutral and stable boundary layers, i.e., u > 0, are given in Appendix 3A.
These values are computed from the tabulated wind differences from the

relationship

W (z) = Aﬂx(z = 0.001) - AW (z) + W (z = 0.001) | (3-2)
and

wy(z) = Awy(z) - Aﬂy(z = 0.001) (3-3)
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where from Equation 3-1 eva]uatéd at z = 0.001,
ﬁx(g = 0.001) = K'][zn(0.001 Ro + 1) + 0.01125 y] . (3-4)

3.3.2 Illustrations

The longitudinal and lateral wind speeds which would be encountered
along a 3° glide slope are plotted for various stability conditions and
Rossby numbers in Appendix 3B. Height is expressed in meters, m, on the
vertical scale and wind speeds are expressed in meters per second, m s"], on

the horizontal axis.

3.3.3 Computer Program

A computer program has been written which computes with inputs of height,
z, and stability parameter, u, the longitudinal, wx, lateral, wy, wind speeds
and the wind gradients awx/az and awy/az. The computer program also requires
as input the friction velocity, u,, the Coriolis parameter, f, and surface
roughness, Z,- A11 velocities are input and output in m s'] and lengths in

meters, f, is introduced in 5'1.

This computer code can be used as a ‘direct subroutine input to existing
computer programs for flight simulators or computer programs of airplane
motion in variable wind fields. The option of superimposing turbulence on
the mean wind speed is available by appropriate specification of control
variables. A complete description of the computer program is given in
Appendix 3C.

3.4 Turbulence Model

A turbulence model has been developed for use with the neutral and
stable boundary layer data which employs turbulence kinetic energy spectra
developed by Kaimal [3-3], as shown in Figure 3-2. Kaimal gives the following
functional form for the spectra.

n¢a(n) . 0.164 n/n, (3-5)
2
o
a

i 1 + 0.164(n/no)5/3

44



Figure 3-2 Comparison of Measured Turbulence Data with
Equation 3-5 [3-3]
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¢a(n) Power spectral density distribution in o direction, m2 s".|
n Cyclic frequency, s ,
9y Turbulence intensity or root-mean-square fluctuation in
| a direction, m s']
n Reduced frequency nz/wx(z)
z Height above ground, m
wx(z) Mean wind speed at the height z, m s']
o Designates component of velocity fluctuation (either wx, wy

or wz)

The influence of atmospheric stability enters through the variable n,
which is a characteristic reduced frequency and is a function of Richardson's
number as shown in Figuré 3-3. These values of n, are for the range
0.04 < Ri £ 0.20.

Values of N, for the neutral boundary layer where Ri = 0 are recommended

in Reference [3-4] as

(no)wX = 0.01444; (no)wy = 0.0265; (no)wZ = 0.0962 (3-6)

Thus for the complete range of 0 < Ri < 0.2 the approximate relationships are
used in this report are

(0.0144 0 < Ri < 0.029

Moy = 0.5 ri 0.029 < Ri < 0,2 (3-7)
(0.0265 0 < Ri < 0.018 |

(no)Wy = 1.5 Ry 0.018 < Ri < 0.2 (3-8)
(0.0962 0 < Ri < 0.035

(”o)wz ® 2.8 Ri 0.035 < Ri < 0.2 (3-9)

The relationship between Ri and u'is

Ri = (Zu/x)[1 + 4.5 fu/K]_] (3-10)
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Figure 3-3 Correlation of g with Richardson Number for Stable
' Boundary Layers
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The turbulence spectra data of Kaimal [3-3] given above appear to be the most
comprehensive presentation of atmospheric spectra associated with the stable
boundary layer and are taken herein to represent the state of the art.

To utilize Equation 3-5 a value of turbulence intensity must be deter-
mined. Figure 3-4, taken from Reference [345], gives the turbulence intensity
of the vertical wind speed component, Owy > nondimensionalized with u,, plotted
as a function of nondimensional altitude, Zu/x. For neutral conditions,

Zu/x = 0 and the ratio of vertical turbulence intensity, Ow,» to the friction
velocity, u,, becomes 1.3.

At Zu/x = 1.22, the turbulence intensity vanishes as the atmospheric
boundary layer becomes so stable that essentially laminar flow is achieved.
In general, owz/u* decreases with increasing stability.

A curve fit of Fiqure 3-4 between 0 < zu/k < 1.22 is

0.5

o, 1.3 - 0.13(2u/x 0 < 2u/k < 1.0

z _ o R -
E:; "~ (6.49 - 5.32(zu/«) - 1.0 < zpu/k £ 1.22 (3-11)

IA

IA

The value of oy, can thus be determined for given values of u,, u and z.

No satisfactory mathematical description of how 6Wx and Ty, vary with
large scale surface features nor how they vary with atmospheric stability is
available. Barr, et al. [3-5] propose that the ratio owx/cwZ be treated as a
function of altitude according to the following

: -0.4
0.177 + 0.832 z/z.] ™ zZ < Z.
/o = {[ 1 1 (3-12)

1.0 z >z

z; = 300 m or 1000 ft. Reference [3-5] also proposes that Uwy/ng = owx/dwz.
This relationship does not result in satisfactory agreement with Equation
3-5, however, and the relationship

o Jo = i | (3-13)

[0.583 + 0.417 z/zi]'o'g z<z
1.0 Z> 2
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. is:proposed by Frost [3-4]. Equation 3-13 is developed. identical to Equation
'3-12 but assumes that Oy is less than Ow, near the ground. The assumption
is that for neutral conditions cwx/owy/cwz = 2.6/2.0/1.3 which is consistent
with a number of reported results.

Values of oy, /oy, and oy /oy, are plotted in Figure 3-5 as a function of
dimensionless height to facilitate computation of these values. Inspection
of Equations 3-11, 3-12 and 3-13 show that for the neutral atmosphere

wa = 2.6 uy, owy = 2.0 u, and owz = 1.3 u, o (3-14)

Figure 3-6 shows longitudinal turbulence spectra for varying degrees of
stability. Turbulence in the atmosphere is observed to decrease with
increasing stability. This is most evident at the low frequency range and is
to be expected since the thermal effects which create stable boundary 1ayers
depress large scale thrbu]ent motion. These spectra, however, are reported
to be influenced by surface terrain features, particularly in the longi-
tudinal and lateral components. No mathematical models which account for
terrain effects are available. The spectra having been measured for rela-
tively homogeneous terrain which is characteristic of the majority of
airports should give a valid representation of most terminal areas. For air-
ports Tocated near unusual terrain features such as mountains or cliffs,
fluctuations in the longitudinal and lateral components of the wind may,
however, be higher than simulated by the proposed turbulence model.

The spectra represented by Equation 3-5 do not have a rational form and,
consequently, are difficult to use in turbulence simulation schemes [3-6].
To overcome this difficulty, the spectral data in Figure 3-2 were adjusted to
fit a modified Dryden spectrum having the functional form N

n¢(2n)= /g X - o (3-15)
g 1+ C2(ﬂ/no)

The constants C] and C2 are adjusted such that the modified Dryden curve fits
Kaimal's data [3-3]. Values of C] = 0.1580 and C2 = 0.0694 were determined
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Figure 3-5 Longitudinal and Lateral Turbulence Intensity
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to give the best curve fit. Thus, the power spectral density function chosen
for the turbulence simulation model

0.1580 n/n |
ﬂgéﬂl = 0 (3-16)

L 0.0694(n/n0)2r'

Figure 3-7 compares the modified Dryden spectra with Equation 3-16. Although
this curve fit does not provide a good representation of the higher frequency
spectra, it does fit the data quite well in the lower frequency range which

is expected to have the most significant influence on the flight of aircraft.

This turbulence model utilizing the turbulence spectra given by Equation
3-16 and the z transformation technique (see Neuman and Foster [3-7]) has
been developed and can be coupled with the mean wind fields for the stable
and neutral boundary layers to give a random fluctuating field. The model,
however, is linear and results in a Gaussian distribution of the wind speeds
in the atmosphere which introduces a small erkor into the simulation (see
Reeves, et al. [3-6]).

To illustrate the influence of turbulent fluctuations on the velocity
profile experienced by an aircraft during landing in a stable boundary layer,
Figures 3-8 through 3-13 have been prepared. These figures illustrate stable
boundary layer wind speed profiles seen by an aircraft on a 3° glide slope
with turbulence, computed by the simulation technfque, superimposed. The
inertial aircraft velocity is 64 m s'] which corresponds to a sink rate of
3.35 m s']. The time increment used in the turbulence simulation was taken
as 0.15 sec which results in a turbulent fluctuation being superimposed at Az
increments of 0.35 m along the flight path. The figures show some interest-
ing results relative to the stability of the boundary 1ayef. In these
figures, u, has been held constant and u is increased in sequential order.
The first velocity profile (Figure 3-8) corfesponds to the neutrally stable
layer where u is essentially zero. One observes that the aircraft encounters
turbulence from the 500 m level to the ground and that the turning of the
boundary layer is reasonably small after 100 m. The second figure (Figure
3-9) illustrates a somewhat higher level of stability, u = 25. The longi-

tudinal wind speed is larger because, as noted earlier, the computed
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profiles are based on the same friction velocity, u,, and surface roughness,

z The interesting feature of this figure is that at large values of z,

i?e., where z/Ll' is large, the mechanical turbulence is damped out by buoyancy
induced turbulence, however, as z/L' becomes small due to the aircraft
approaching the gkound, the situation is reached where the atmospheric
boundary layer returns to a neutral condition gnd mechanical turbulence
dominates the buoyancy induced turbulence. In Figure 3-9 this occurs at
approximately 125 m., The airplane thus flies from a region of rather quiet
flow to a sudden and rapidly increasing turbulent intensity. The turbulence
intensity becomes larger as u increases, however, this is not due to the
effects of stability but due to higher mean velocities resulting from a
constant u,. For consecutive figures, as the stability of the boundary layer
increases one observes that the transition from the essent1a11y Taminar flow
to the highly turbulent region approaches lower and lower levels, It should
also be noted from this sequence of figures that the strongest directional
shear occurs at intermediate values of u, whereas, the strongest linear shear
occurs at the larger values of u.

An alternate way of computing the profiles would be to assign the same
wind speed at a certain level and adjust u, accordingly. Physically this
corresponds to conditions encountered at an airport where the wind speed
measured with an anemometer at a fixed height, say, at the 10 m Tevel would
record identical values but the wind shear would be appreciably different due
to the associated stability conditions. Figures 3-14 through 3-19 show com-
puted profiles having a common value of 10 m s'] wind speed at the 10 m
level. . The value of u, used in the cdmputation is related to the stability
parameter, u, by

u, = 0.58 - 0.0016 y

The same characteristics of the wind speed profiles are observed, how-
ever, the higher wind speeds now occur at intermediate values of u rather
than at the higher values as in the sequence of Figures 3-8 through 3-13. In
turn, one observes that the directional shear is also largest at intermediate
values of p which is in correspondence with the former sequence of figures.
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3.5 Statistical Model Relative to Risk of Exceedance

The wind shear associated with the stable and neutral boundary layers
are dependent upon the variables, uy and u,, or the mean wind speed, WX, since
they are directly related. A statistical description of these two parameters
will enable the user of the wind shear model to provide an estimate of the
probability and frequency of exceeding a prescribed value of wind shear.

In order to establish this statistical description some estimate of the
probability of a given stability condition ocCurring simu]taneously with a
given value of u, is needed. An approximate analysis to achieve this goal is
proposed as follows. From statistical theory the probability of u and u,
occurring simultaneously 1s‘equa1 to the probability of u given ug,

Plp 2 up/u*), times the probability of u,, P(u; > u*p), [3-8]. This is
referred to as a conditional probability. '

P(u 2 ps ug 2u ) (3-17)

D *p) = P(u 2 Up/U*) P(U* 2 Ux

p

The probability of u given a wind speed, wx, which can be directly
related to u,, has been estimated by Barr, et al. [3-5]. They give the
probability of Richardson number, Ri, for a given wind speed, wx, where both
wx and Ri are evaluated at 6.1 m, shown in Figure 3-20. Note that these
curves are highly interpolated and based on only two sets of data. The
Richardson number, Ri, is related to u by the relationship

’

U/ Uy .
k/zf + 4.5 u/uy 0:R < Of]B
Ri = | (3-18)
0.18 Zf1L Ri > 0.18
KU* -
and wx is related to uy, and p by
1E ""[‘zz—”] +4,53.f2£ | 0<Rig0.18
W 0 K : ’

i

=
¥ X

(3-19)
1 KU z KU .
E{Qn[?u—zto“"l' ]] + 4.5 + 5,5 2“{{——2 + ]}/(-Z_O—u*f?-'- ]]]} Ri 2 0.18

0

\
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Assigning values of z = 6.1 m, z, = 0.0l my, f = 10-4 5'1, k = 0.4, Equations
3-18 and 3-19 have been plotted in Figures 3-21 and 3-22 for convenient
reference. '

Using the above results the designer may select a value of u and a value
of u, which gives a wind shear condition in which he is interested. The
probability of u given uy is then obtained directly from the figure.

The probability of u, can be determined from the distribution of mean
wind speeds given by Frost [3-4] as interpreted from Justus, et al. [3-9].
This reference shows that the probability of a mean wind'speed greater than a
prescribed value W_ occurring during the year is described by a Rayleigh

p
distribution, i.e.,

) ,
PH 2 W) = e~ (Wp/c) (3-20)
Reference [3-4] shows that this equation is a general representation of wind
speeds measured at 138 airport sites throughout the United States where an

V2 0.9ms™ . Ssince Uy iS

average value of the scale factor, c, is 4 m s~
related to mean wind speed by Equation 3-19, the probability of u, is

directly related to the probability of wx,

With the information provided above, the user of the neutral and stable
boundary layer wind shear model can estimate what the probability of a given
wind shear occurring over an expected lifetime is by utilizing the prob-
ability of u given u, from Figure 3-20 and multiplying that by the
probability of u, given by Equation 3-19. To illustrate the use of the above
model, consider the following example. A user wishes to determine the

probability of u being equal to 200 given that u, is equal to 0.5 m 5'1.

From Figure 3-21 find Ri = 0.164 corresponding to u = 200 and up, = 0.5 m 5'1,
i.e., y/u, = 400. From Figure 3-22 determine WX/u* = 23 and therefore'wx =
11.5m s_] for the given values of u, and u. From Figure 3-20 the probability
of Ri 2 t0 0.16 at 11.5m s™' 45 1.0 - P(Ri 2 0.16; W_= 11.5m s™') = 0.12.
From Equation 3-20 the probability of wx 211.5ms | is P(WX >11.5m s']) =
0.0003. The probability of both p > 200 and wx 2 11.5 occurring in a given
year is from Equation 3-17 equal to 0.003%.
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To establish the risk of exceeding a prescribed wind shear in a given
period of time we proceed as follows. The probability, p, that u will be
exceeded in any one year is related to the return period T by the relation-
ship Tp = 1. The probability that a value less than or equal to u will occur
in one year is q = 1 - p. In a period of N years the probability Q that a
value less than or equal to u will occur is
Q=gq (3-21)
The probability or risk that a value greater than p will occur at least once
in a period of N years is
P=1- qN
1-(0-p

N (3-22)
Hence continuing the foregoing example, the probability that u = 200 and

u, = 0.5 m s'] will occur at least once in a period of 25 years is from
Equation 3-22 equal to 3.4%. |

To give the reader some feel for the nature of the wind shear associated
with a given probability of occurrence, Table 3-1 has been prepared. This
table gives the risk of exceedance associated with each of the wind shear
conditions depicted in Figures 3-8 through 3-18.

3.6 Application of Wind Shear Models for Neutral and Stable
Boundary Layers

Application of the wind shear model for the neutral and stable boundary
layer proceeds by first selecting stability conditions for which the simula-
tion is to be carried out. The parameters required are the stability
parameter, u, the friction velocity, u,, and the surface roughness, z,. The
rule-of-thumb for the effect of these individual parameters is that high
values of uy,, u and z, all result in larger linear shear. On the other hand,
intermediate values of u, say, on the order of 50, give the largest direc-
tional shear within the lower 500 m of the atmospheric boundary layer.

Inspection of Figures 3-8 and 3-9 clearly illustrate this.
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TABLE 3-1

RISK OF EXCEEDANCE ASSOCIATED WITH WIND SPEED PROFILES
SHOWN IN FIGURES 3-8 THROUGH 3-19

Risk of
» , » ' Exceedance
Uy u ~ Ri W, P(wx) _ P(Ri/wx) P(Ri & wx) in 25 Yrs.,
0,50 200 0.18  13.64 8.85x10°°  0.70  6.2x107° 0.16%
0.50 150 0.17  12.24 8.61x10™°  0.74  6.4x10™° 0.16%
0.50 100 0.15  10.83 6.54x10"%  0.65  4.3x107% 1.07%
0.50 75 0.14 10.13 1.64x10™3  0.64  1.0x1073  2.47%
0.50 50 0.12  9.43 3.88x10"3  0.58  2.3x107° 5.59%
0.50 25 0.080 8.72 8.61x10"3  0.56  4.8x10™°  11.33%
0.50 1 0.005 8.05 17.47x10™%  0.42  7.3x1073  16.74%
0.25 200 0.35  6.32 8.96x10"  0.72  6.5x107 0.002%
0.34 150  0.20  6.21  1.09x10™° 0.6 6.6x107° 0.02%
0.42 120 0.6 12.11 1.04x10"%* 0.68  7.1x107° 0.18%
0.46 75  0.14  11.41 2.92x10°%  0.64  1.9x107% 0.47%
0.50 50 0.12  10.71 7.72x10™%  o0.62  4.8x10™* 1.19%
0.56 12.5 0.04  9.65 2.95x10'§ 0.59 1.7x10'§ 4.16%

0.58 1 0.0042 9.33 4.34x10° 0.54 2.3x10° 5.59%

Having selected the parameters of interest, one then determines the pro-
bability that these conditions will occur and what the risk is of exceeding
the values that are planned for the simulation. If it is desired to simulate
severe cases of wind'shear, then values of u and u, should be chosen to have
Targe magnitudes which have correspondingly lower risk. Therefore, a Tow
value of risk is acceptable. Simulating average daily conditions, however,
allows a higher risk of exceeding the prescribed stability conditions to be
accepted. The percent risk that the user of the wind shear nodel is willing
to accept is subject to his own judgment based on the engineering application
for which the simulation is being carried out and on the consequences asso-
ciated with the test not being of sufficient severity.

One must also bear in mind that the risk of exceeding a prescribed value

computed in Section 3.4 and tabulated in Table 3-1 are on a per airport per
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year basis; consequently, although the probability of u, = 0.5 and u = 200
occurring simultaneously is 6.2 x 10'1/5 (see Table 3-1), for 10,000 airports,
this condition will occur at 0.62 of an airport or at least one airport per.
year. In view of the fact that stability conditions may endure for one or
two hours at an airport having heavy traffic, several pilots will be eXposed
to these conditions every year.

Use of the turbulence simulation routine to be superimposed upon the
steady state winds requirés no additional specification of atmospheric param-
eters, however, the time step increment of the random signal, DT, in
subroutine STB, must be specified; In general, its value is set equal to the
time step used in the calling program carrying out the numerical integration
of the equations of motion for the flight dynamics of the aircraft. On the
other hand, it can be shown [3-7] that '

T<4ax10"

“owx/z

but since this value varies with altitude an average value on the order of
0.01 sec or less is generally recommended for use with the turbulence simula-
tion routine.

In carrying out a realistic simulation, it is recommended that the
turbulence be used with the mean wind profile. It is evident from Figures
3-8 through 3-19 that simulation of high stability conditions, that is, large
U, is accompanied with a transition from a rather smooth wind aloft to
extremely severe turbulence near the 200 to 100 m range, depending upon the
stability. This sort of turbulence phenomenon is expected to be quite real-
istic judging from comments with commercial airline pilots and from ’
experimental data available in the literature. Super-positioning turbulence
on the wind fields, however, does require that a computer be available for
carrying out the computations of the wind speeds. This does not impose a
hardship because normally, a computer is involved whether the user is per-
forming a manned flight simulation or programming a fast time computer
solution.

Without turbulence, however, one can construct a wind speed profile for
the neutral or stable boundary layer manually from the tables given in
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Appendix 3A. As an example, determine the wind speed profile for u = 50,

u, = 0.5 and z, = 0.05. To estab]ésh the profile ohe first computes the
Rossby number Ro = u*/zof = 1 x 10°. This value corresponds to Table 3A-1 in
Appendix 3A. Selecting the column labeled u = 50 gives the wind speed

profiles

z WX : Wy
0.15  63.4 -32.0
0.10 63.4 -27.2
0.05 59.3 -17.0
0.005  29.5 -4.8
0.0001 24.1 0.0

Dimensional values are obtained from z = u,z/f, WX = wxu* and wy = wyu*,
hence | «

z wx wy
m ms! ms!
750 31.7 -16.0
500 31.7 . -13.6
250 29.6 -9.5
25 14.7 -2.4
5 12.1 0

Thus, wind speed profiles can be established very simply.
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SECTION 4.0
FRONTAL WIND SHEAR

A modeT of frontal wind shear has been developed in exact1y the same
manner as the thunderstorm model. Unfortunately, the number of data sets
available for processing are only two, which are shown in their original
format in Figures 4-1 and 4-2. These data were provided courtesy of
Ms. Judith Stokes and Mr. Jean Lee from the National Severe Storms
Laboratory in Norman, Oklahoma. The data represent cold frontal passage in
the vicinity of the 500 m tower and the reduction of these data sets is the
same as used by Goff [4-1] for thunderstorm gust front cases (see Section
2.2). The data were measured on January 28, 1977, labeled Case 1 in this
report, and on December 10, 1976, labeled Case 2.

No other data which would provide the necessary detailed wind speed pro-
files over at least a two-dimensional plane in space were found during this
study. Additional data which is on magnetic tape at the National Severe
Storms Laboratory have not yet been processed. No warm front wind shear data
from which a model for flight/hazard simulation studies can be constructed

appears to be available.

The simulation model developed from the limited data is constructed in
the same manner as the thunderstorm models. That is, a grid system is super-
imposed on the contours of constant wind speed shown in Fiqures 4-1 and 4-2.
In these two cases a 113 x 11 grid is used. The data were again punched on
cards and stored on magnetic tape. The only difference between these data
and those of the thunderstorm cases is the larger grid having 113 columns
rather than 41 which represents a total horizontal distance of approximately
17.2 km in Case 1 and 13.2 km in Case 2. This represents approximately 30
minutes of recorded data.

The following section, Section 4.1, describes the quasi-steady wind
speed profile working data developed for the large scale frontal wind shear.
The wind speed is referred to as quasi-steady in view of the fact that, as
with the thunderstorm data, it has been averaged over 10 sec time intervals
and thus contains fluctuations in the wind speed of 0.1 Hz or smaller. It is
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proposed that the same turbulence simulation model for thunderstorms be used
for the frontal wind shear. Since absolutely no data was found which would
give information pertaihing to turbulence intensities and characteristic
tuth]entilength scales in a major frontal flow, the lower values associated
with thunderstorms are recommended as input to the model.

4.1 Quasi-Steady Wind Speed Profile Grid System

The wind fields shown in Figures 4-1 and 4-2 were fit to a 113 x 11
point grid system. Wind speeds at each grid point were tabulated and punched
onto computer cards. The data were later stored on magnetic tape.

The grid system is numbered from the left-hand bottom corner. The
numbers increase from left to right in the positive x-direction and from
bottom to top in the positive z-direction of the original data. The wind
- speeds are given in units of meters per second, m s_], with Hx being positive
in the direction of frontal motion, wz being positive upward and wy being
positive into the plane of the paper. The frontal speeds of the two storms

1

are 9.3 ms ' and 7.1 m s'], respectively.

The wind speeds, W > shown in Figures 4-1 and 4-2 are the wind speeds
relative to the storm motion which are the values punched on cards and stored
on‘magnetic tape; To convert to wind speed relative to the ground the frontal
motion must be added to W The next subsections describe tables and
graphical illustrations of the wind speed profiles.

4.1.1 Tables of Wind Speed

Tables of synoptic cold frontal passage wind speeds are given 1in
Appendix 4A. The tables have, due to their length, been'split into six parts
covering grid stations 1 through 20, 21 through 40, etc. The tabulated
values\of wx are values relative to the storm motion. The frontal speed is
given at the top of the table for converting wx to its value relative to
ground.

The frontal storm case numbers' designation as 1 and 2 in this report
are listed in the upper left-hand corner.
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Also, listed at the top of the table is the horizontal length scales for
the given wind record. The horizontal extent of each data set varies because
of the data reduction procedure. Hence, the length of field, L, in kilo-
meters and the horizontal grid spacing, Ax, are specified on each table. The
vertical extent of each field is taken as 500 m with 50 m vertical grid
spacing.

4.1.2 Illustrations

ITlustrations of the longitudinal, lateral, and vertical wind speeds
encountered along four 3° glide slope through each front are proVided in
Appendix 4B. The glide slopes are displaced in increments of 4.3 km for Case
1 and 3.3 km for Case 2. Each profile is the wind seen by a airplane travel-
ing along the flight path drawn across the streamlines as illustrated in the
first figure of the appendix. Note that the streamlines plotted are relative
to the speed of the front which for reference purposes is indicated with the
vertical dashed 1ine on the horizontal wind speed profile. The wind speed
profiles are relative to the fixed earth frame of reference.

4.1.3 Computer Program

The card deck or magnetic tape on which the frontal wind speeds are
tabulated can be directly coupled with the program for thunderstorms given in
Appendix 2C and requires and provides identical input/output statements. The
only modification needed is to increase all dimension statements, do-Toop
statements and read-in control integers from 41 to 113.

The turbulence option can also be called for if desired. The turbulence

intensities wy> Owy and Ow, and length scales Ly, Ly, and Ly, used in the

y
program all have values as estimated for thunderstorms, however, in Tieu of

better information on turbulence in major fronts, these values can be used.

4.2 Turbulence Model

No data on turbulence in large frontal flows were found in the litera-
ture. It is therefore suggested that the model proposed for the - thunderstorm
be employed along with the lower values of the input parameters. Recall that
data on turbulence in thunderstorms is also very limited in the region near
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the ground, and the thunderstorm turbulence model is itself an approximation.
Again, it is pointed out that only the high frequency components of the
turbulence (i.e., frequencies greater than 0.1 Hz)vhave been lost in the data
since'the quasi-steady wind field given represent 10 sec averages. There is,
however, a very great need to obtain turbu]encg data in thunderstorms.and
large fronts in the viéinity of the ground or terminal areas of an airport.

4.3 Stafistica] Model

Due to the paucity of detailed wind speed data for major fronts, no
attempt is made to establish a statistical model of the wind fields.

4.4 Applications of Frontal Wind Shear Model

The frontal wind shear model is applied exactly the same as the thunder-
storm models described in Section 2.6. The user, however, has only limited
choice of wind fields to use in the simulation since only two fields are
available. Keenan [4-2] has used thunderstorm case numbers 2 and 3 as fronts
since these two thunderstorms behave in a manner similar to fronts. However,
they are extremely short in length and are not long enough for a full 1ehgth
simulation based on an aircraft approaching from 500 m along a 3° glide
slope. Such an approach requires a horizontal fetch of 9.5 km. Fortunately
the frontal data that are available for the two cases of wind shear studied
extend over a sufficiently long distance that a sequence of one or more
landings or takeoffs, can be simulated using these data. Up to two landings
assuming a 3 mile separation distance can be simulated. Moreover, the wind
fields encountered along f1ight paths separated by small distances show quite
dissimi]ar'Wind speed profiles as evidenced from the graphical display in
Appendix 4B.

Again, it is recommended that turbulence models be used in conjunction
with the quasi-steady state wind speeds utilized in developing the frontal
wind shear model. It is anticipated that extreme wind speeds will be somewhat
averaged out using 10 sec averages, just as described for the thunderstorm
models, and therefore to achieve a correct simulation high gusts should be
introduced in the form of turbulence. The turbulence intensities used in the
model, however, are still open to question, and it is proposed that the lower
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extremes of turbulent intensities quoted for the thunderstorm cases be util-
ized for frontal wind shear.

Much more data on fronts is needed before an adequate model of a synoptic
front wind field is possible. Such data may be available at the National
Severe Storms Laboratory in Norman, Oklahoma, but require further processing.
Also, to utilize the 10 sec averagé wind speeds generated by the NSSL Program
effectively, more must be determined about the turbulence levels in major
fronts.

One additional set of data that the engineer interested in carrying out
warm front simulation should be aware of is a one-dimensional profile compiled
by Keenan [4-2]. This model was developed from data obtained in an accident
which occurred in Tokyo in 1966. - Table 4-1 illustrates the warm front
one-dimensional model. o

TABLE 4-1
WARM FRONT WIND SPEED PROFILE [4-2]; Wz =0

z (m) wx (m s']) wy (m s'])
6.1 -6.6 3.9
30.5 -3.6 -2.1
61.0 -4.4 -12.1
91.4 0 -20.6
121.9 5.4 -30.4
152.4 5.9 -33.5
182.9 5.8 -32.9
213.3 5.8 -32.9
243.8 5.7 -32.4
274.3 5.6 -31.9
304.8 5.6 -31.4
457.2 5.9 -31.4
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SECTION 5.0
SUMMARY

Mathematical models of wind fields associated with thunderstorms,
neutral and stable boundary layers, and storm fronts have been‘deve1oped
based on repofted experimenta1 data. These data have been tabulated and
presented in Appendices 2A, 3A and 4A, respectively. Computer programs have
been developed which utilize table Tookup and interpolation routines to com-
pute wind speeds at spatial positions and under stability conditions as
called for by the main calling computer program. These computer programs are
presented in Appendices 2C and 3C.

Turbulence simulation techniques have been developed which permit the
super-positioning of random fluctuations having the characteristics of
turbulence associated with the atmospheric phenomena of interest.

The wind speed models for thunderstorms and major fronts represent the
three components of wind velocity in a vertical p1ane 500 m in extent and of
variable lengths in the horizontal direction. In simulating an-approach,
application of these models assumes that the flight path lies in the plane of
the wind speeds with that plane being centered over the runway. These models,
therefore, give realistic simulation of wind shear due to a thunderstorm
moving parallel to the runway and allow the flight mechanics computation to
have departures from the flight path in the vertical direction. Any
departure of the aircraft out of the plane in the lateral direction is not
accurately modelled. However, evidence is shown that the correlation between
the wind components in the x- and z-direction is large and, therefore, it is
anticipated that the same is true in the y-direction. Therefore the wind
disturbances encountered by an aircraft displaced by the wind a reasonable
distance out of the plane of the wind field will be nearly similar to the in-
plane winds.

To simulate a flight path which is diagonal to the direction of the
motion of the front, one must assume that the wind fields modelled are two-
dimensional over a very large lateral scale. This, however, is not likely
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and to provide wind fields which permit this type of simulation will require
considerably more research into the three-dimensional nature of thunderstorms
and major fronts.

The turbulence model developed to accompany the mean wind field data are
believed to be quite realistic with the exception that the value of the
turbulence parameters in the fronté] case are vertically unknown. The turbu-
lence model for the neutral and stable boundary layers is based on extensive
data sets and theoretical analysis and is believed to be very representative
of what happens in the actual atmosphere. The thunderstorm turbulence model
is based on advanced turbulence concepts and does include large-scale velocity
fluctuations of a non-Gaussian nature, however, coherence matching between
large gusts which are in the development stage [5-1] should possibly be added
to the simulation technique. Finally, the parametric inputs to the model
require better definition which can only be achieved with more experimental
effort. Currently, it is proposed to use the values of turbulent intensity
measured at elevations of several kilometers because these are the better
defined values. Moreover, comparing the thunderstorm data measured by ground
based towers to those backed out of on-flight data recorders shows that there
is quite a large difference between 10 sec averaged data and much shorter
averaging period data. This suggests the available thunderstorm data be re-
analyzed using a smaller time increment.

There is considerable need to measure turbulence in the vicinity of the
ground, particularly in the downdraft center of thunderstorms and also to
measure the gust gradient which could occur in these severe storms phenomena.
The same conclusion holds true for large-scale frontal motion where very '
limited, if any, wind velocity measurements as well as turbulence measure-
ments have been made. The type of measurement which appears most needed
would be from an array of towers, preferably 500 m in height, and distributed
in a line at least over 1 km in extent. Such an array of towers is obviously
very expensive and the data reduction associated with the vast amounts of
data generated is, in turn, costly. A tower array is available at NASA
Marshall Space Flight Center with the Timitations that the towers are only
24 m in height [5-2].
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As techniques for remote sensing of wind speed become available, typical
examples being laser Doppler, acoustic Doppler or Doppler radar methods, more
probing of thunderstorms and of major synoptic fronts will undoubtedly
increase.

Aircraft are also being used to study thunderstorms and are providing
meaningful data at great altitudes. It is not 1ikely that much probing of
thunderstorms or severe frontal weather will be carried out with aircraft
below 500 m. However, data at this level is extremely critical in developing
simulator wind field models for flight/hazard definition.

A possible technique for obtaining the needed data would be to couple
aircraft measurements with those of the tower array currently in existence at
the Atmospheric Sciences Division, NASA/Marshall Space Flight Center,
Huntsville, Alabama. A coordinated program utilizing aircraft passes over
the tower array with the towers in operation would map out a well defined
two-dimensional wind field and could also provide three-dimensional wind
fields when the angle of the approaching storm is oblique to the tower array.

Mathematical models currently being developed have promise for use in
wind shear simulation applications, however, they are, in turn, dependent
upon input parameters which must be experimentally measured before meaningful
results can be calculated.

A statistical model for the stable and neutral boundary layer has been
developed which allows the probability of a given wind speed and stability
condition occurring simultaneously to be estimated. The model also predicts
the frequency of the combined conditions occurring within a specified period
of time. This model assumes a Rayleigh distribution of wind speeds for any
given site in the mainland U.S.A. This is a justifiable assumption based on
a study of 138 sites by Justus, et al. [5-3]. The probability distribution
of Richardson numbers is not quite as well validated, being based on only two
sets of data. It is believed, however, that this is a good estimate of the
distribution of stability conditions with wind speeds.

The statistical model for the thunderstorm is rather weak and for the
synoptic fronts nonexistent. The best estimate of the probability of a given
magnitude of wind shear in a thunderstorm that is currently available is
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based on the ensemble average of 20 thunderstorm cases along a prescribed
flight path and the standard deviation from the averaged value. These com-
puted standard deviations are added at each point along the fTight path as if
they were independent points. This is a questionable assumption and further
work is needed to develop the statistical model of a thunderstorm.

Before a statistical model of fronts can be developed much more data is
needed. Due to the lack of measurements of detailed wind speed profiles
through large fronts and also, to an extent, through thunderstorms, reliable
simulation flight/hazard wind speed models cannot be developed.

The conclusion of this report is that mathematical models of wind shear
in thunderstorms, stable and neutral boundary layers and fronts for flight/
hazard simulation studies have been developed Which, based on state of the
art knowledge, allow realistic simulation of flight thrbugh'hazardous
atmospheric wind shear. These mode]s, however, represent a very good
beginning but they should be continuously updated as informatioﬁ becomes
available and standardized to establish consistent criteria for pilot
training, avipnics ng§1opment’and,qucrafp‘deﬁign‘and!ggrtifjgatiqq

.
Sy e T ¢
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APPENDICES

The following appendices are numbered according to the section of the
main body of the report to which they pertain. For example, Appendix 2
followed by an alphabetical symbol contains information relating to Section 2,

Thunderstorm Wind Shear. Appendices 3 and 4 are referenced in the same
format. '



N

Ro

¢(n)

a

APPENDIX 1A
LIST OF ABBREVIATIONS AND SYMBOLS

Friction velocity S

————

Stability parameter, xu,/fL'

Coriolis parameter

Monin-Obukhov stability length scale
Horizontal extent of thunderstorm data set
von Karman's constant taken as 0.4

Length scale of longitudinal velocity fluctuations
Length scale of lateral velocity f]uctuafions
Length scale of vertical velocity fluctuations
Mean speed of storm front

Longitudinal wind speed

Lateral wind speed

Vertical wind speed

Fluctuating longitudinal wind speed
Fluctuating lateral wind speed

Fluctuating vertical wind speed

Surface roughness

Dimensiona] height

Dimensionless height z = zf/u,

Rossby number u*/fzo

Power density spectrum function

Cyclic frequency | |

Turbulence intensity of o wind speed fluctuation
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Statistical correlation between o and B8 wind speed components
Ensemble average
Denotes dimensionless parameter
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APPENDIX 2A
TABULATED THUNDERSTORM DATA

Appendix 2A contains the tabulated data interpolated from the thunder-
storm wind speed data presented and documented in Goff [2-1]. These data are
the fundamental data sets upon which the wind shear model for thunderstorms
is based. The user can cdmpute wind speed profiles either by hand directly
from the tables or by coupling the data with the Tookup computer program
proVided in Appendix 2C.

The rows and columns of the table are numbered from the left-hand bottom
corner. The numbers increase from left to right in the positive x-direction
of the original data and from bottom to top in the positive z-direction of
the original data. The wind speeds are given in units of meters per sec,

m s*], with wx being positive in the direction of frontal motion, wz being
positive upward and wy being positive into the plane of the paper. The
upper portion of the table covers columns 1 through 21 and the Tower table
covers columns 21 through 41. (Note column 21 is repeated for symmetry and
clarity of presentation.)

The thunderstorm case numbers' designation for this report are listed
at the top of the table. The letters in parentheses and the following series
number correspond to the thunderstorm designation given by Goff [2-1].

Also listed at the top of the table are the frontal speed, Wg, and the
horizontal length scales for the given wind record. The horizontal extent
of .each data set varies because of the data reduction procedure. Hence, the
length of field, L, in meters and the horizontal grid spacing, Ax, (m) are
specified on each table. The vertical extent of each field is taken as
500 m with 50 m vertical grid spacing. Figure 2A-1 illustrates the identi-
fication format used for all tables.
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" APPENDIX 2B

GRAPHICAL ILLUSTRATION OF THUNDERSTORM WIND SPEED PROFILES

This appendix contains graphical illustrations of the wind speed pro-
files encountered along flight paths having a 3° glide slope through each of
the 20 thunderstorm cases. The’position of each flight path relative to the
streamlines fixed in the frame of reference moving with the storm is illus-
trated in each of the figures, and is chosen to terminate in the left-hand
corner of each data set. The flight paths are, therefore, essentially arbi-
trary flight paths which could be encountered during any routine landing
through a passing thunderstorm. '

The longitudinal, lateral, and vertical wind speeds encountered along
the glide slope are shown. The ordinate in the wind speed profiles -is
height, z, nondimensionalized with the length, H = L tan 3°, where L is the
length of the wind field. Each profile is the wind as seen by an airplane
traveling along the flight path drawn across the streamlines as shown in the
upper figures. Note that the streamlines plotted are relative to the speed
of the front which, for reference purposes, has been indicated on the hori-
zontal wind speed profile with a vertical dashed line. The wind speed -
profiles are reTative to the fixed earth frame of reference.

The purpose of these illustrative profiles is to provide an 1mpres$ion
of the diversity and severity of wind shear that can be encountered during a
routine approach when a thunderstorm is in the vicinity of the terminal area.
The data sets do not necessarily represent a wind field through the center of
the storm nor the worst downdraft conditions,vbut represent storms which may
have passed either to one side or the other of the tower from which the data
were measured. Therefore, the profiles do not illustrate necessarily the 20
most severe flight paths which would be encountered through the given thun-
derstorms but rather a collection of wind speed profiles that represent an
averaged situation.
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APPENDIX 2C

COMPUTER PROGRAM FOR CALCULATION OF TURBULENT
~ THUNDERSTORM WIND FIELDS

This appendix describes a computer program used to obtain the longi-
tudinal, lateral, and vertical wind speeds at a given point (x,z) and all six
velocity gradients at that point. The computer program has the option of
superimposing a non-Gaussian turbulent field on the thunderstorm wind speeds.
When the turbulence option is utilized, an input for time is required. The
specified time designates to the program the period over which the turbulent
fluctuations are computed. |

The subroutine VELO calls seven additional subroutines as schematically
illustrated in Figure 2C-1. These seven subroutines are entitled TURB,
ROMDON, FILTER, GAUSS, FFT, WIND, and BUILD.

Program Description

The program is written in FORTRAN IV and generates the wind field with
turbulence superimposed for (x,z,T) inputs from the calling flight simulator
program.

Subroutine VELO

For the given position and time the VELO subroutine furnish the wind
velocity [U,V,W output] and velocity gradient [UDX,UDZ,VDX,VDZ,WDX,WDZ,
output] in a flow field which is one of 20 cases of cold air outflow from
thunderstorms detected by National Severe Storms Laboratory during 1971
through 1974 [2-1].

Also, a non-Gaussian Dryden spectrum turbulence fluctuation is added to
the wind velocity.

VELO first calls the subroutine FILTER which sets up the transfer func-
tion for tailoring the random signal. It then calls subroutine TURB. The
subroutine TURB processes the random signal generated in subroutine ROMDON

through the prescribed filter system and outputs fluctuations W, s wy and w,
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having a non-Gaussian distribution with a'Dryden spectrum form (Equation 2-4).
The transfer to VELO is achieved with a common statement. VELO then calls
subroutine WIND to obtain the mean wind velocities at (x,z) to which the
corresponding fluctuations are added. The wind speed and wind speed
‘gradients are then computed and the data is output in units of m s~ and s'],

respectively.

Nomenclature

Subroutine VELO(X,Z,T,HAM,NBB,U,V,W,UDX,UDZ,VDX,VDZ ,WDX,WDZ)

X Position vector in longitudinal direction (user's units) [INPUT]
Z Position vector in vertical direction (user's units) [INPUT]
T Controls time period of turbulent signal (sec) [INPUT]
HAM' Ratio of unit (meter/user's unijts) [INPUT]
NBB ; Integer number for calling a new thunderstorm case. [INPUT]
" NBB=1 calls a new thunderstorm data set into storage [OUTPUT]
Velocity in longitudinal direction (m 5'1): [OUTPUT]
Velocity in vertical directionﬁ(m s']) [ouTPUT]
Velocity in lateral direction (m 5'1) | [OUTPUT]

uDX Longitudinal velocity gradient in x direction (s']), [OoUuTPUT]
unz Longitudinal velocity gradient in z direction (s']) ~[output]
VDX Vertical velocity gradient in x direction (s']) [OUTPUT]
VDZ  Vertical velocity gradient in z direction (s']) ' [ouTPUT]
WDX Lateral velocity gradient in x direction (s']) [OUTPUT]
WDZ Lateral velocity gradient in z direction (s']) [ouTPUT]

T is incremented with each integration time step of the calling program
and is a control variable for the length of the random, turbulent signal
generated. When VELO is first called in it generates a turbulent signal at
height z for a specified time period TEND. Each time VELO is called follow-
ing the initial case, i.e., NBB = 1, T is compared with TEND, when T > TEND a
new turbulent signal at the current height z of time period TEND is generated.
Thus a quasi-turbulence variation with height is achieved.

NBB is set equal to unity for the first time VELO is called. It auto-
matically changes NBB = 2 until another thunderstorm is desired at which time

the calling program must reset NBB = 1.
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ORIGINAL PAGE IS
Listing of Subroutine VELO ~ OF POOR QUALITY]

SUBRUUTINE VELO(X,Z,I,HAM, NBB,U,V,w,U0X, UUL.VUA VDz,wDX, wuL)
COMMON/STI2/1X
COMMUNZSL4A/H(3,3,12%)
COMMON/STT/DX '
COMMON/ST12/DT ,NNN
COMMON/ST13/GG(3,128)
I¥(NEv=1) 101,101,105
101 IX=05549
CALL FILIER(Z)
CALL TURB(Z)
TEND=0,
NCC=9
103 TEND=TEAD+DTRNNN
109 [F(T=TEWD) 109,108,108
108 CALL TURB(Z)
NCC=nNCC+1
GO To 103
109 ER=T/DT
NISER+1=NNN%XNCC
UP=GG(l,nNT)
VP=GG(2,0T)
WP=GG(3,nT)
CALL WIND(X,Z,HAM,NBB,dX,wZ,WY,WXX,NXZ,WZX,WZZ,WYX,WYZ)
J=wX+Up
VEWZ+VP
W=wWY+WP
NUSNT+1 o
UDX=WXX+(G6GG(1,0U)=-UP) /DX
VOX=WZX+(GG(2,N0)=VP) /DX
WOX=WYX+(GEG(2,nU)=wP) /DX
UDZ=WXZ
VDL=EWZ4
WOZ=wWYZ
RETUKRN
END

-

Subroutine TURB -

The subroutine TURB is called by the subroutine VELO. This sub-
routine carries out the calculation for the turbulent fluctuations based
on non-Gaussian turbulence model of Reeves, et al. [2-3]. A Dryden

spectrum is used. A schematic of the non-Gaussian turbulence simulation
model is given in Figure 2C-2.
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Figuke 2C-2 'Physical Interpretation of a Single Component of "
the Non-Gaussian Turbulence Model

TURB first calls the subrbutine ROMDON to obtain three independent dis-

crete Gaussian white noise random functions Na’ Nb’ NC. These signals are

processed through a common statement by the subroutine FILTER having the

filter function Ha’ Hb’ Hc'

After mathematical analysis the simulated turbulent fluctuation w*(t),

wy(t) and wz(t) are determined and with a common statement returned to VELO.

Listing of Subroutine TURB

SUBROUTLINK TURB(Z)
DIMENSION RR(3,128),RI(3,128),XR(128),Xitieb) ,GH(3,3,148)
COMMON/ST2/71X
COMMON/SE4/H(3,3,128)
COAMUN/STYE/NT2
CUOMMON/ST12/0T,NNN
COMMUN/STLI3/7GG(3,128)
Nl=NNN
R=1,
IT=1

99 Jsi
CALL ROMDUN(CRR,RI NT,NI2)

100 D0 110 K=1,NT
AR(KISH(IT,J,K)*RR(J,K)
AL(KI=Q.

110 CUNTINUE

CALL FFT(XR,XL,dT,NT2,2)
DJ 111 K=1,NT
GH(LT,J,K)=XR(K)

111 CUNTINUE
J=Jd+1
I¥(J=3) 100,100,130



ORIGINAL PAGE IS
130 DO 140 K=1,NT OF POOR QUALITY
AR(K)=GH(LT,1,K)*GH(IT,2,K) '
GGUIT,K)=R/ (1 +R*¥RI*¥*¥0,5%¥XR(K)+1./ (1. +K¥R)*¥0,5%GH(1T,3,K)
140 CONTINUE
IT=IT+1 '
IF(IT=3) 99,999,150
150 CONTINUE
WRITE(6,2)
DU 160 I[=1,3
ARITE(6,1) (GG(I,K),K=1,N1)
154 wRITEC(6,3)
GU Tu 160
155 WRITE(6,4)
160 CONTINUE
FORMAT(1U(1X,£11.4))
FORMAT (15X, '"LONGITUINAL')
FORMAT (15X, 'VERTICAL')
FORMAT(19X, 'LATERAL')
RETURN
END

B e BN

Subroutine ROMDON

The subroutine ROMDON is called by the subroutine TURB. This subroutine
calls the subroutine GAUSS which generates a random Gaussian white noise
signal. Three series of normalized zero mean random function Na(t), Nb(t)
and Nc(t) are transferred to the subroutine FFT which fast Fourier transforms
Na(t), Nb(t) and Nc(t) and returns the transformed signal to TURB.

Nomenclature

Subroutine ROMDON (RR,RI,NT,NT2)

RR(1,J)" Real part of Fourier transform of N_(t) [ouTPUT]
RR(2,J) Real part of Fourier transform of Nb(t) [ouTPUT]
RR(3,J) Real part of Fourier transform of Nc(t) - [outpPuT]
RI(1,J) Imaginary part of Fourier transform of Na(t) [ouTPUT]
RI(2,J) Imaginary part of Fourier transform of Nb(t) [ouTPUT]
RI(3,J) Imaginary part of Fourier transform of Nc(t) [ouTpPUT]
NT Integer number of discrete noise signal, [INPUT]
usually NT = 128 ,
N2 (2)VT2 < NT (for example, if NT = 128, NT2 = 7)
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Listing of Subroutine ROMDON

SUBKOUTINE RUOMDON(CRR,RL,NT,NT2)
CUMMON/ST2/1X
VIMENSION RR(3,128),R1(3,128),XKk(128),X1(128)
00 110 I=1,3
SymM=0,
DU 105 Jd=1,NT
CALL GAUSS(IX,1.,0.,R)
SUMZSUM+RR (I, J)
109 CUONTINUE
AVE=SUM/NT
SIse=0,
Du 106 J=1,NT
RR(L1,J)=RK(l,J)=AVE
SIG=SIG+RR(I,J)*%2
106 CONTINUR
SIG=(SIG/NTY**Q,.5
00 107 J=1,NT
RR{L,J)=RK(I,J)/SIG
107 CUNTINU®
DO 108 J=1,wT
XR(J)=RR(I,J)
X1(J)=0, ‘
108 CONTINUE
CALL FFT(XR,XI,NT,NT2,1)
DU 109 Jd=1,nT
R (L,J)=XK(J)
RICL,J)=XL(J)
109 CONTInUE
110 CUNTINUE
RETURN
END

Subroutine GAUSS

The subroutine GAUSS is called by the subroutine ROMDON. Each time
GAUSS is called it generates a new random number. Random numbers generated
by GAUSS are white noise having a Gaussian distribution.

Nomenclature

Subroutine GAUSS(IX,S,AM,V)

IX Arbitrary starting number, IX = 65549 [86¥53¥%
S Adjusting number, setting S = 1.0 gives standard
deviation of unity [INPUT]
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AM Adjusting number, setting AM = 0.0 gives zero mean - | [INPUT]
V  Random number output . ' : [ouTPUT]

Listing of Subroutine GAUSS

SUBRUUTINE GAUSS(IX,S,AM,V)
REAL*8 Y
A=0.0
DU 50 I=1,12
1Y=IX*65539 | » (ﬁnﬁﬁﬂﬁllPﬁﬁgiég
LF(LY) 5,6,6 ~ OF POOR QU
5 1Y=IY+2147483647+1 '
6 Y=1Y
YSY*%0,4656613D=9
LX=1Y
50 ASA+Y
V=(A=b,U) *5+AM
RETURN
END

Subroutine Filter

The subroutine FILTER is called by the subroutine VELO. The input list
contains the height z. This subroutine sets up nine filter functions shown
in- Table 2C-1, for generating the three direction fluctuating signal, Wes W

y
and w

z° _ ,

These are returned to TURB through a common statement where H(IT,J,K)
equals Ha(K) ifd=1, Hb(K) if J = 2 and HC(K) if J = 3. The value of

IT = 1 specifies longitudinal f]uctuations; IT = 2 vertical and IT = 3

lateral.

Listing of Subroutine FILTER

SUBROUTINE FILTER(Z)

CUMMON/ST4/H(3,3,128)

COMMON/ST12/DT,NiNN

NT=NNN

21=2%3,281

UMEAN=S,
ALU=(Z21/7(0,177+0,832%0.001%21)%%1,2)/3. z81
ALV=ALU
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TABLE 2C-1
TRANSFER FUNCTIONS OF THE NON-GAUSSIAN MODEL

Longitudinal Component

H, (s) Hy(s) | H.(s)
' 2L 172
s —X
W, oW 1 Wy \Yx
2L 2L L
W W W
1+ X 1+ —Xs 1+—2s
Wy X X
Lateral Component
H, (s) Hy (s) H.(s)
Ly : Lw 1z Lw
Ow (128)1/2 *V%q w [_Vg} 1+ ¢§'—i%-s
y X s Yyt 'x X
2L, 2, 2 Lw 2
1+ —Ys 1+—Xsg 1+—Ls
W W W
X X X
Vertical Component
Ha(s) Hb(s) HC(S)
L, 2 L y\/? L,
o (128)1/2 2 o [—-Z-} 1+ /325
Wy X s Wz Y Wy
2L, 2L, 2 Lw 2
1+ ™ z 1 + Zs 1+—25
X W Wy

186



ALW=ALU

AMUS0,106%8,/(0,177+40.832%0,001%%1)%%0.4

 AMV=ARU

 CAMWEAMU

110

UOU=ALU/UMEAN
VOU=ALV/UMEAN

WOUSALW/UMEAN ‘ ORIGINAL PAGE IS

DD=126%%0.5 :
PRI - OF POOR QUALITY

FC=1./(2.%DT)

DO 110 K=1,NT

SSFCX(K=1)/NT

H(1,1,K)=4,%AMUXU0U/ (1.+2.%¥000%S)
H(1,2,K)=1./(1.+2.%00U%S)
H(1,3,K)SAMUX(2,%U0U)%%0,5/(1,.+U0U%S)
H(2,1,K)SAMUXDD*VOU**2/(1.+2.*¥VOUXS)

H(2,2,K)358/ (1,42, %V0U%S) *%2
H(2,3,K)SAMVAVOURK0,5k (1, +DEXVOUXD) /(1. +VOUXS) ¥¥2
H(3,1,K)SAMWXDD*WOUX%2/(1.+2.%¥WCGUXS)
H(3,2,K)=8/(1,+2 . %d0U%S)%%2
H(3,3,K)SAMWXWOUX0,5% (1, +DEXWOUXS)/ (1, +UUUXS ) ¥k
CONTINUE

RETURN

END

Subrout1ne FFT

The subroutine FFT prov1des a discrete fast Fourier or inverse Fourier

transformation and it is called by the subroutine ROMDON and the subroutine

TURB.

Ih the subroutine ROMDON, FFT is utilized to transform Na’ Nb and NC

from the time domain to the frequency domain.

In subroutine TURB, after the frequency function has passed through the

filter function, FFT is used to transform the frequency function back to the
time functions a(t), b(t) and c(t).

Nomenclature

Subroutine FFT(XR,XI,N,NU,NGG)

XR
XI

Array of the real part of the function to be transformed [ga¥ggl%
}Array of the imaginary part of the function to be [INPUT]

transformed _ - foutpPuT]
Total number of the Array (N);‘usually N=128 i [ INPUT]
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NU (2)NU=N; usually NU=7 which gives N=128
N6G  If NGG=1, the subroutine performs the Fourier Transform

If NGG= 2, the subroutine performs the Inverse Four1er
Transform ,

Listing of Subroutine FFT

SUBRQUTINE FFT(XR,XI,N,NU,NGG)
DIMENSION XR(N),XI(N) ‘
IF(NGG.EWe1) GO TO 321
DO 320 I=1,wn
320 XI(L)==XI(I)
321 N2=N/2
NU1SNU=1
S K=0
DO 100 bL=l,NU
102 DO 101 1=1,n2
P=IBLTR(K/2%%NU1,NU)
ARG=6,2831485%P/FLOAT(N)
C=COS(ARG)
S=SIN(ARG)
Kl=K+1
KINZ=K1+N2
TRESXR(KINZ2)*C+XI(K1N2) %S
TISXI(KIN2)*C=XR(KIN2) XS
- XR(KIN2)=XR(K1)=TR
XILK1W2)=XI(K1)=TI
XK(K1)=XR(K1)+TR
XI(K1)=XI(K1)+T1
101 K=K+l
K=K+N2
IF(K,LTen) GO TO 102
K=0 .
NUlI=NULl=1
100 N2=N2/2 _
DO 103 K=1,N
ISIBITR(K=1,NU)+1
IF(l1.LE.K) GO TO 103
TR=EXR(K)
TI=X1(K)
XR(K)=XR(1)
XL(K)=XI(L)
XR(I)=TR
X1(L)=TI
103 CONTINUE
IF(NGG.EW.1) GO Tu 121
D0 124 1=1,N
XR(L)=XR(L)/N
XLCL)=xICL)ysw
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124
121

209

CONTINUE

RETURN

END

FUNCTLION IBITK(J,NU)

Ji=Jd . 5
IBITR=0 : GE
DO 200 1=1,NU | (ﬁﬂﬁxﬂhl'gﬁkllfﬂ
Jezal/2 " OF POOR @ '
IBITIR=IBLTIR*2+(J1=2%]2)

J1=J2

RETURN

END

Subroutine WIND

The WIND subroutine is called by the subroutine VELO for the given

position (x,z) from VELO. Interpolation by'an area-weighting method for the
velocity at the point x,z in the flow field based on the tabulated data for
the given thunderstorm data set placed in storage by subroutine BUILD. The
area-weighting interpd]ation method is illustrated in Figure 2C-3.

The area-weighting scheme calculates the velocity and velocity gradient

of each point by using the four nearest neighboring grid point velocities.

Fighre 2C-3 Area-Weighting Technique
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The velocity at point P is given by:

-l } A |

- Wy = glAYHY R, + Ay + Agly ]

where

A=hyrhpt A3+ iy

‘The same interpolation method is used for the veloéity gradients.

Nomenclature

Subroutine WIND (X,Z,HAM,KCK,WX,WZ, NY WXX, WXZ WZX, WZZ WYX WYZ)

(X,Z) Position vector (users un1ts) [INPUT]
HAM ‘Ratio of units (users units) ‘ [INPUT]
KCK Integer number for storing a new thunderstorm case. [INPUT]

If KCK=1, the subroutine BUILD is called and a new
, thunderstorm data set is read in; otherwise KCK=2.

WX Velocity in longitudinal direction .
WZ ~ Velocity in vertical direction [ouTPUT]
WY Velocity in lateral direction

WXX,WXZ  Velocity gradient »
WZX,WZZ  Velocity gradient - [ouTPUT]
WYX,WYZ  Velocity gradient

Listing of Subroutine WIND

SUBROUTINE WIND(X,Z,HAM,KCKh, NX ,WZ , WY , WXX , wXZ,WZX,WLZ, WYX ,WYZ)
DIMENSION DXX(2,2),0X2(2,2),DZX(2,2),024(2,2), U!X(Z 2),
&§0YZ2(2,2)
CoMMun/II/7A(41,11,3), DX D2

11 bJRﬂAf(//,'*** X= VADUL IN SUBRUUTINGE INLER Ld OULSIDE FLOW ',

s'REGIUN X = ', E13.6,77)

21 EJRMAB(//,'*** Y=VAGLUE IN SUBRUUTINZ INI&K IS QUPSIDe FLOW ',
S'REGIUN X = ',E13.6,//)

31 l‘JRMAL(ZX,'***PULNI X = 'E13.6" Z - ',E13.b,' lS OUI‘SIDE')

IFCKCReNELL) GO TO 100
CALL BUILD
KRCK=2
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100 KP=K*HAM
ZL%HAM o
Ir(XP LELU,OR 4P, ur Je) SU Tu 210
0l 101 [=2,41
AL=(L=~1)%VX
[ (XPJLkmeX1) G £ 102

101 COallnue : . | ORKHNAJ,PAGEIS
IRITE(O,11) xe OF POOR QUAJJTY
102 [2=I-1 '

09 103 J=2,11
L1=(u=1)*04
IF(4PJLELL) GU TO 104
103 CINLIwUE
WRITE(®,21) ZP-
104 JP=J=1 -
ALFAS(XP=(LP=-1)%DX) /DX
BELA=S(ZP=(JP=1)%DZ)/DZ
K31

105 VAL=(1.0~ALKFA)*(1,0=BETA)*A(LP,JP,K)+BeTA*(1.0=ALFA)*A(CIP,JP
S+1,K)+ALFA¥(1,0«-BETA)YXA(IP+1,JP,K)+ALEFAXBETAXA(IP+1,JP+1,K)
1F(K=2) 106,107,108

106 wX=VAlL

107 Aai= VAL
K=K+1
G) [u 10%9 -

105 ~Y=VAL
V) 208 I=1,¢

LU 2087J=1,2

Le(IP.edel AND, I, EQ.L1) S0 1O 201

IF(LP .40 AND I, EQ.2) U TOU 202
DXXCI,J)=0.5/0X*%(A(1P+1,JP+J=1,1)=A(IP+L=2,JP+J=1,1))
DZXCL,J)Z0.5/DX%(ACLP+L,JP+d=1,2)=A(LP+]I=2,UP+J=1,2))
DYK(L,U)S0.5/0X*(ACIR+L,JP+J=1,3)=A(IP+1=2,]P+J=1,3))
ed TO 203 .

201 UDXX(1,J)=C(A(2,JP+J=1,1)=A(1,JP+d=1, 1)) /04
DZLX(1,d)=CAa(2, JP*J-],Z) AC1,JdP+u~- 1,1))/ux
DIXCL,J)=(A(2,JP+J=1,3)=A(Cl,JP+J=1,3))/VX
Gd LU 203 ,

202 UXX(2,J)=(A(41,JP+J~1,1)=AC40,0P+J=1,1))/0X
DLK(2,0)=(A(41,0P+J=1,2)=A(40,uP+J=1,2))/0X
DYA(2,J)=(A(41,JP+J=1,3)=4(40,JdP+J=1,3)1)/0X

205 LF(JP.eQ.1.AND.J.EQ,1) GO 11U 204 _
LE(JPEQ10,AND,J.3,2) G Tu 205
DXZ(I,J)=0,5/70Z%(A(IP+1=1,JP+J,1)~A(LlP+1=1,JP+J=2,1))
DLL(L,J)=0,5/02%(A(IP+1=1,dP+J,2)=A(1P+1l~1,JFr+0=2,2))
VYZ(L,J)=0,5/u2%CACIP+L=1,JP+J,3)~A(LP+I=]1,JP+J=2, 3))
GJ) ITu 208

204 VXZ4(L,1)=(ACLP+I-1,2,1)=ACLlP+I=1,1,L1))/V%
0LZ(L,1)=(A(IP+1=1,2,2)=A(LlP+1=1,1,2))/0%
VIZ(L,1)=(A(LP+]1~ 1 2,3)=A(1P+1=1,1,3))/D2
wJ L0 208
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al .

209 DXL(L,2)=(A(1P+]1~1,11,1)=AClP+1=1,10,1))/D2
D2L4(1,2)=(A(1P+I=1,11,2)=A(Llpr+l=-1,10,2))/70%
VIL(1,2)=(AC1P+I-1,11,3)=A(1P+I-1,10, 3))/02
208 CydllInde
WXX=(1,0=ALFA)*(1,0- BWIA)*DXX(I 1)+bblA*(1 0=ALFA)*DXX (1
¥,2)+ALFAX(],U~BETA)*0XX(2,1)+ALFA%BELTAXDXX(2,2)
wKZ=(1.U-ALFA)*(1.0-66PA)*DXZ(1.1)+5b1A*(1.0-ALFA)*DXZ(1
¥,2)+ALFA¥(1.0-BETA)*DXZ2(2,1)+ALFAXBETA%DOXZ(2,2)
NEXZS(1.0=ALFAY*(]1,0=-BETAY*DZX(1,1)+BELAX() 0= ALEA)*DLX(I‘
X,2)+ALFAX(1.0=-BETA)*¥DZX(2, 1)+AbEA*beA*DZX(2 2)
WZ45(1.0=ALPA)*(1,0=BELAY*UZZ(L,1)+BETA%(1.0=ALFA)%*VZZ(1
¥,2)+ALEA*(1,0=BLTA)*DZZ2(2,1)+ALFA¥BETAXDLZ(2,2)
AYAZ(1e0=ALFAYX(1,0=BEFAY#UYX(1, 1) +BETA¥(1.0=ALFA)*DYX(1
£,0)+ALFAX(1 . 0=BETAY*DYX(2,1)+ALFAXBTA%XDYX(2,2)

«xz-(i O=ALFA)*(1,0~BETA)*DYZ(1,1)+BElA%*(1,0~ALFA)*DYZ(1
¥, 2)¥ALFAX(1,0-BETA)*¥0YZ(2,1)+ALEAXBETAXDYZ(2,2)

GU fU 215

210 ARIfE(6,31) XP,sP

215 RETURN
l‘.;Nl)

Subroutine BUILD

The subroutine WIND is called by the subroutine BUILD which reads indi-
vidual sets of wind speed data into storage. The thunderstorm cases are read
in Sequentia1 order based on the numbering system utilized in this report;
that is, Case 1 corresponding to Case A,:SeriaiiNoa 0446 of Reference [2-1]
is read in first and remains in storage until KCK in 1ist statement of sub-
routine WIND is assigned thé value 1. The subroutine: WIND then calls the
next thunderstorm case in numerica] order.

In subroutine BUILD, the grid system for the wind field is shown in
Figure 2C-4 where IT= 41 and JT=11.

JT
j+l
. ‘e j
(113)
3
2
1 T
1 2 3 4 5 i i+l : IT

Figure 2C~4 Grid System of Wind Field
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At point (I,J) the norﬁa] velocity wx(I,J) and vertical velocity wZ(I,J) are
stored as

ACLI,1) = W (1,0)5  A(1,d,2) = Wy(1,J)

A common statement is used to transfer the data A(I,J,K) to the subroutine
WIND.

Listing of Subroutine BUILD

N ORIGINAL PAGE IS
SUSKUUTINE BUILD : OF POOR QUALITY
JideadTon 14(41)
cuMMuyw/ITL/7A(41,11,3),0%k,D2
FIRMALT (20K, "HORLZINTAL VeLOCILY Y ,/,7)

v IRMAT(13e,.2)
EIRMAT(4XK,12,2X,21F5,1)
FORMAL(/,/,204, ' VERTICZAL VELOCLYY ' ,/,7)
FIRMAY(2rlu,.4,F5,1) :
FIRMATC(OA, '"wX ="' ,F8,2,3X,'0Z =Y ,kd,2,3X, "MBAN VX ;',FS.I)
PIRMAL(S3X, Y J/7 L ,2X,21(13,2X))
FIRMAT(/,/,20X, " LATERAL VELUCITYY,/,/)
RuAD(S5,5) DX,DZ,UMEAN
wrlle(o,p) DX,DZ,UMEAN
) Y0 1=1,41 iy
90 13(1)=1
K=1 ”
aklife(o,1)
LUV dR1lte(o,7) (iB(L),L=1,41,2)
wJ Los Jd=1,11
R<AD(5,2) (ACL,J,K),1=1,41)
LR, uE,2) U TU 105
v 1ol 1=1,41
A(L,Jd,K)=A(L,J,K)+UMEAN
191 COnFinde
105 Cunwtlinue
v) 102 J=1,11
JRJ=12-J
102 #xlle(6,3) Jdkd,(A(CI,J<],K),L=1,41,2)
KR=n+1l
LFiK=3) 1vu3,104,1086
103 wrlik(o,4)
6l Tu 100
luge woilE(b,8)
o83 Tty 1y
100 rRelTURN
LU

X w0 U & N o
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APPENDIX 3A
TABULATED STABLE AND NEUTRAL BOUNDARY LAYER DATA

This appendix contains the tabulated data interpolated from the
extensive measurement of wind speeds under varying conditions of stability
reported by Clarke and Hess [3-1].

The tabu]ated va]ues are the longitudinal and lateral wind speeds
w (z) w /u* and wy(z) = W /u* for neutral and stable boundary layers for
u 2 > 0 where the d1mens1on1ess height Z= zf/u,. The data actually stored on
computer cards and used with the computer lookup routine given in Appendix 3C

is
wa = X( = 0.15) - WX(Z)
and

~ - ~ '/\ _ ~ ~ - .]
Awy ‘wy(z) wy(z 0.15)

These data have been converted to ﬁx and ﬁy using the relationships

wx(z)'; wa(z = 0.001) - wa(z)»+ wx(z = 0.001)
and

wy(z) = Awy(z) - Awy(z = 0.001)

where

W (z =0.001) = k" '[2n(0.001 Ro + 1) + 0.01125 u]

To extend the tables to values of z < 0.001, wind speeds can be computed from

W (2) =L {an(Ro %+ 1) +4.52u/k}; w20, 0525 0.001
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and ORIGINAL PAGE IS

OF POOR QUALITY

The data are presented in a right-hand coordinate system with wx positive
in the direction from left to right and wy positive into the plane of the
paper. -

Tabulated results are given for values of u ranging from 0 to 200 in
increments of Ay = 10 Tisted across the top of the tables and‘for values of 2

ranging from 0.001 to 0.15 listed in the vertical left-hand column.

From these tables the user can construct wind speed profiles for given
values of u, u, and f. Note that z = zf/u, and Ro = u,/zf.
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Table 3A-1(a) Longitudinal Wind

U, 1590
v, 4y
u,ldu
v, l2v
W, 41V
v, luu
VIS VE 3V}
v.,usl
u,ulv
v. Vot
U..000
U.u4Y
[Pt 3V
v..ULY
v,viv
VL,uUD

(VIRVIVY |

2. l50
O .l3V
Ul 130
w. 120
W.1l10
e luo
9090
WL 080
FIRORL]
v.0oU
v, U5
0.v4Yy
0.930
0.v20
v.ulio
0.005

V.01

2.0
32,v
2.0
42,9

42,0

'42;0

42,0
42,0
2.0
1.9

39.Y

37.9

3n.Y
34,9
29,1
PR

3.0

tvou

15.4

75.8

65,2
ou.LY
50,0
37,9
3.2

45.9

4b,5
16,9
40,5
40,4
43,9

41,4

6h,2
50,9
51.3
38,9
31.3

26,1

20

51.2

51,4

51,2

51.2
51,2
b1,¢
51,2
51.2
51.2
51.0

44,3

45,9

43.b
41,5
3.8
20,1

23.b

129

78.6
78.6

1d.4

78.2

17.7
17,1
16.5%
15.4
14,1
72.5
70.6
66,9
61.5
52.3
33,8
32.4

26.4

v

20,3

6.3

50,3

50,3

50,3

3n,b
2v9.¢

24.9

130

79.5
79.4
19.1
8.6
78.0
17.4
6.4
1%.9
4.4
12.6

Tu.l

bi.2
52.9

49.5

L1y

by.l
ov,. 1
00,1
60.1"
ob.l
oVl

ol,1

21,3

140
0.4

80,2

bl.o

S3.o
di.1
33.2

27.0

196

1Y

j0.5

$u.Y

29,0

24.4

150

41.2
41.0
d49.5
19.7

79.3

74.1
12.1
od.1
62.4
54.9
41.7
33.7

27.2

Speed, wx, Ro

ol

‘0oLl
oo, 1l
bo.l

bb,1

0.y

b5.0

83,4

vl.4
SY,0
w5,

.0

29.1

24,1

160

81.5
81.1
30.9
19.9
79..4
78.9
18.i
77.1
15.7
73.9
T1.9
68.0
62.6
94.9
2.0
34.0

27.9%

Tu

ob.o
bb . ¥
ob.Y
Y- )
. b

ob. 8

ob,2

7.1

ob.b

63.9

60,9
57,5
47.1
3,7
LY.,

25.0

B1.8
81.3
80,7

80,1

79.5"

18.9
18.2
77.2
15,17
73.48
71.6
67.9
2.9
55.0

42.3

34,3

27.8

L3V

T1.5

T1.b

Ju.3
6Y.0
vi.b

65.5

64.1

Sh.o
47.2
35,1
29.9

29.3

189

B2.1
81.6
81.0
80.4
19.7
18.9

7d.1

77.1.

15.7
73.9
T1.4
67.8
63,1
55.3
42.6
34,5

28.1

]
—
(o]

k1Y

73,3
12,0

70.0

69.2

61.2

o4.0

3o,.5
30.4

h,0

190

82.4

81.4

‘81.3
80.7
79.9
79.1
78.3
77.2
75.8
74.0
71.2
67.7
63.3
55.6
4‘2 .9
4.9

28.4

1uv

15,8
15,9

1.8

15.8

15.0
75,5
74.2
T3.5
12,0
10,1
66,7
6d,2
0. Y
RIOAY)
37.9
31.¢

2h.d

200

82.7
82.1
A1.5
80.9
sq;z
79.4
78.6
71.3
75.8
74.2
7.1
61,7
63.5
55.8
a3.1
35.1

28.7



0,150
0.140
0.130
0.120
0.110
0;100
0,090
u,0d0
0.070
N, 060
0.05%0
0,040
0,030
0.u20

0.010

- GL.00D

g.001

0,150

0,140
0,140
v,120
. V.10
v, 100
0.090
0,080
0.v70
0,060
0,050
0,040
0,930
0,020
0.010
U,uu9

0,001

Table 3A-1(b) Lateral Wind Speed, W_,

-18.0
=17.4
-17:1
“17.9
-16.3
-15,.5
=14,5
1.5
“12.1

-10.4

-24,0

-21.0

~26.1.

-25,2
=23.7
-22.1
-2V, 4
-l4,8
~lb,b
-13.9

=11,

10

~20.4
~19.b
-19.4
“19.1
~-18.4
=-17.5
-17.1
=-15.5
-13.,8

~11,3

-26,4

-25.8

23,9

-13.5%

-8.4
“5.7
=3.1
~1.3

0,0

20

-22.9
-22.3
~21.7
~21.2
~20.5
-19,9
-19.4
-17,4
=15,0
-12.4
-10.9

-9.2

~7.2

~4.4

2.0

0.9

390

=25.0
=448.Y
-24,2
~23.4
=-2¢.0
~21.8
-20.9
-lb.9
=lb,b
-13,9
=l2.v

~1u,2

=-9,0
-J;l
=1.4
=U.0

V.0

-1H.0
-16.4
-14.2
~12.1

=10,V

v.0

3.1
~1.4

=0,0

50

-32,0
-31.2
-30,.8
~29.5
-24.3
=27.2
~25.9
-23,2
-21.1
-1Y.4
17,0
-14,5
-11.b

-9.1

-a.%

~2.1

0.0

150

=20,.5

-14,.8
-17.3
=15.9
~14.0
~13,3

-11.%

197

60

-31.4
-30.9
-29,7
fth.u‘
“27.0
20,2
f24.7
-22.3
-20,3
-1¥.4
-15.9
-13.3
-10.0
=1.9
~4,1

-1.8

160

-21.w
-21.1
-20.2
-1Y9,.3
-17.9
-1b,6
-15.3
-14.0
12,7

-11.3

y

=12.0

=10.7

-0.38

0.0

Ro =10

80

-29.8
-26.9
-28,0
-27.1
-25%,6
«24,0
-22,3
~20.4
~18.0
~15.2
-13.3
‘10;9

~8.2

5.8

2.9

-1.3.

0.0

180

-19,1
-18.4
-17.6
=16.6
«15,6
~14.6
-13.8
=12.5
-11.3

~10,2

7

90

-28.9
-27.9
=27.0
-26,1
=-24,0
~23.0
;21.3
=19,0
-17.2
-14,.3

512.3

ORIGINAI, PAGE IS
OF POOR QUALITY]

100

-28.0
“27.0
-26.1
-25.2
-23.7
-22.1
-20.4
-18.8
-16.5
-13,9
-11,%
“9.0
-6.3
-4.0
-1.8
-0.8

0.0

200

=15.0
14,3
=13,6
-12.8
-11.8
=11.1
«10.5
9.8
8,7
7.2
“5,6
-4,0
-2.4
-1.4
=0.6

-0,3



0,120
v,140

v, 130

v,120

0,110

U, 100

0,090

0,u8y
V.70

0,V

U,U50

V. .UHL
0,030

v,u20

V.U10°

v, u0>s

Ualo0

0.140

0,139

V. 120
0.119
0,10y
V.VPY
Q. VeV

0.0Ty

y,uny -

0,udy

V.udl
PR EL
0,029
0.0190
G905

0.vul

Table 3A-2(a) Longitudinal Wind Speed,

36.3
36,3
36,3
36.3
36,3
36.3
36.3
36.3
3,3
36,1
34,1

32.1

100

10,1
70,1
10.1
10,1
79.1
69,8
09,1
LY
66,3
05,9
62,9
59,4
54,3
44,2
32,2
23,5

20,1

10

40.7

40,7

40,7
40.7

40,7

40,7

40,7

40.7

110

71.6
71.6
71.5
71.4
71.1
19.7

9.0

EYR ]

61,5

on,0
nd. 1
69,5
55,2
45,5
33.2
Zo.1

20,4

20

45,4

45.4

45,3

35.7

24,1

22.4.

120

72.8
12.3
12.7
72.4
71.9
71.4
10.7
h9,7
6d.3
66.7
64.9
81.2
$5.7
46.6
34,1
2b.H

20.6

30

50,5
50,5
50,5
50,5
50,5
50,5

90.5

50.5

50.5

e

50.
47.4
44,8
2.5
3y,2
30.0

23.4

130°

7{.7
73.06
73.3
14.9
12.2
Tl.0
71.1
70.1
648.7
oD,y
65.0
ol.l
55.5
47.1
34.7
21,0

20.9

40

S54.4
S4 .4
94,4
54.4
54,43
4.4
54,4
56.4

4.1

53.5

SV. Y
4v.3
45.6
0.5
30.5

235.8

T4.0
T4.4
7.0
73.4
72,8
72.2
1.7
70,7

eY,2

ol.5

od,0
ol.o
55,9
47.9

35.3

27,3

21,2

198

S

7.7

97.7

57.7

57,7
51.7

57417

30,2

23,8

74,90

72.4
71.3
09,9

oy.4

‘ob,4

62,4
S0,7
4d,.?
do.0
27.9

21,9

o0

V.4
0.4
60.4
ol, 4
00,4
oV, 4
ol.3
60,1
5%, 2
7.7
53,0
93,2
50,0
41.v

30.1

c23.Y

15,8
75.3
14,8

74.1

73,0

73.1
12.4
71.4
0Y,9
6b.2
ab.l
0d.3
26,9
4v.0
0.3
29,2

21,9

10

03,0
03,0
83,0
o3,
oS.Q
©3,0

63,0

62,5

b1.4

59,7
57,7
55.2
51,7
41,3
30.0

24,0

Te,.l
75.5
14,9
74.3
73.8
73.1
72.4
71.4
09,9
od.1
85,9
62;2
97,1
49.3
3o.5
2Y.H

22.1

A
W, Ro =10°
8 90 100
65.7 68.0 70.1°
65.7 68,0 70.1
65.7 68.0 70.1
65.7 §s.o' 70,1
85,7 68,0 70,3
65.7 67.9 69.8
65.7 67,6 9.1
b6.5 66.2 671.7
63.2 64.9 66.3
1.6 63.5 65.0
59.8 61,5 62.9
S6.Yy 58,3 59,4
52,8 53.b 54.3
C41.4 82,5 44,2
2¥.9 30,8 32,2
24.1 24.7 25.%
180 190 200
76.3 6.6 76.9
79.8 76,1 76.4
75.2 75,5 75.8
74.6 T4.9 75.2
73.9 74,2 74.4
3.2 T34 7307
72.4 Ti.o 72.8
71.4 7.4 T1.5
70.0 70,0 7.0
68,1 68.3 b6%.4
65.6 65,5 65.4
82.0 62.0 61.9
57,3 S7.0 7.3
49,5 49,8 50,1
35,8 37.1 37.4
28.8 29.1 29.)
22,3 22.6 22.9
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Table 3A-2(b) Lateral Wind Speed, wy, Ro =10

0 10 20 30 40 50 50 10 80 Yo 100
V.10 ~18,0 =20.4 =22.Y =25,6 =26.7 =32,0 ~31.4 =30.7 -29,8 -28B.9 =28,0
VJ1d0 =17,48 =19,8 «22,3 =24,Y «28.V =31.7Z =30.b <«29Y.8 =28,9 ~«27.9 ~27,0
u.130 17,1 =19,4 =21,7 =~24,2 =27.,2 =30.8 =29,7 =28,9 =28,0 =27.0 =26,1
0.120 “17.0 =19.1 =21.2 =23.4 ~206.3 =29.5 28,8 =2b.1 =27,1 ~20.1.~25,2
0,110 =10,3 *18,4 =20,5 =22.6 =25.3 =28.3 =27.6 =20.7 =25.b =24.6 =23,7
0.109 “15.5 =17.8 =19.9 =21.8 =24.3 =27.2 =26.2 -25.2 -24.0 =23.0 -22.1
0,090  © =14,5 <17.1 =19.4 =20.9 =23,2 =25,y =24.7 =23,5 =22,3 =21.3 -2v.4
I “13,.5 =15.5 =37.4 =18,9 =2V.Y =23.2 =22.3 =21.4 =20.4 =19,6 =18,8
0.01u -12.1 =13,5 =15.0 =16.5 =18,0 =21,1 =20.3 ©19.3 ~18.0 ~17.2 -16.5
v,vel =10.,4 «131,3 =12.4 =13.9 =-10.4 =1¥.4 =1¥.4 =17.2 =-15,2 =14,3 13,9
U,uby “§,7 wy.8 =-10,9 =12,0 =14,2 =17.0 =15,vy =14,7 «13,3 =12,3 =~11,5
0.U40 “7.0 =8.1 . -9.2 =1u.% ~1Z.1 =14.5 -13,4 =12.1 -10,9 ~=9.,9 =-9.0
0,030 “5.3 =6,2 =7.2 =b.4 =lU.u =11.5 =10.0 ~9,4 =b.,2 =7,2 =b,3
V. 020 -3.7 -3,9 =4.4 5.4 =7.1 -9,1 L -b. b -5.8 -4,9 -4,0
v, 01 “1.b =1,8 =2.0 =2.5 =3.0 =4.b =4.1 =3.4 =2.9 =Z.4 =1.9
0,ulb 0.8 «0,8 =0,9 <=1,1 “1,0 =241 =1,8 =1.5% =1,3 «1,0 =0.8

100 110 120 130 140 150 160 170 180 190 200

v.150 ~28,0 =26.8 =25.8 =25.2 =24.2 =23,0 =21,8 =20.5 =19.1 =17.2 ~15.0
0. 140 -2&.0 25,5 =24,7 =24,2 -23.3 =22,2 =21,1 ~19.¥ ~-18.4& ~16.5 -14.3
v.130 20,1 =24.8 =23,8 =23.3 =22.4 -21.4 =20.2 =19.0 -17.6 =15,7 =13.6
v.l2v 25,2 =23,9 «22.9 -22.4 =21.0 =2u,5 =1Y,3 ~1¥,0 ~16.6 ~14.8 ~12.8
u.iio =23,7 =22.5 -21.5 =21,V =20.0 =lu.¥ =17.9 =16.9 -15.6 -13.8 -11.8
0,1uu “22.1 =21.0 =20,0 =19.6 =18.06 ~17,3 =1b.b =15.8 =14.6 ~13.0 -11,1
0,090 =20,4 -19,4 =16.5 =18,1 =17,1 =15.9 -15.3 -14,7 =13.8 =12.3 -10.5
0.080 =18.8 =17.8 =17.1 =1b.7 ~15.8 =14.6 =14.0 -13,3 -12.5 =11,2 ~-9.8
V.07V “16.5 =15,8 =15,3 =15.0 =14.2 =13.3 =12,7 12,0 =11.3 -10.1 =8.7
v.0oU -13.9 113.5‘-13.2 -13.0'-12.> -11,9 ~11,3 -10,7 -10,2 =8,9 7,2
0.Ud0 T=11.5 ~11,0 -10.7 =10.6 ~10.5 =Y.,9 =9,7 =-9,3 <~8.6 =7.,3 <=b,b
V.90 “9.0 ~4.4 =8.0 =B.1 =7.9 =7.7 <=T.8 =T.6 =7.0 =5,1 =4.0
U, 030 “6.3 =5,7 =5.2 =5,0 =5,0 =5,3 =b,6 =5,8 =5,5 =4,2 =2.4
0.u2v -4.0 =3.1 =2.7 =3.1 =3.,1 =3.0 ~=3.5 =3.8 =3.8 =-2,8 -1.4
v.Ul0 1,4 <=1,3 =1,0 =1.,4 =~1,4 =1,2 =l.o -i.é ~1.9 =1.,4 =0,b
[PV - =0.d ;0.6 =0.5 =U,0 =0,6 =0,5 =u,7 =0,8 ~0.8 >-0.6 -0.3

v,uul 0.0 0,0 0.0 V.0 V.0 0.0 u.0 0.0 0.0 0.0 0,9

199



V.l50

v.140

v,130
0,120
v.110
v, ive
0,090
v.uBL
0.070
v,000
0. .U50
0,U40
v,030
U.v2v

0.01v

0.,U0>

V,0u1

0,120
v,140
0.130
0.120
0,110
v.1v0
- U,OﬂO
U.vEY
V.0l
U,uby
0.,Us0
V.49
V.030
0;020
V.010
[TIRVIVE)

U.vul

Table 3A-3(a) Longitudinal Wind Speed,

30.5
30,5
30.5
30.%
30,5
30,5
30.5
30.5
30.5

30.4

28.4°

20.4
4.4
22,3
17,06
14,2

11.5

100

4,3
4,3
04,3
64,3
04,3
4,0
©3.4
62,0
60,6
99,2
57,2
53.6
48;5
38.%9
26;4
19,7

14.3

65,8
65,8
05,7
65,6
65,4
64,9
64,3
63,1

61.7

60,2

58,3
54,7
49,4
349,86
27,4
20.3

14,0

20

39.7

39,7

39.7
39,7

3v.17

67.1

67,1

66.9

66.6
66,2
65,6
65,0
63.9
62,6
61.0
59.1
55.4
50.6
40.%
28.3
20.8

14,9

30 -

aq.8

44,8

44,8
k44.6
44,8
44,8
44,8
44 .8
44,6
43,0
41,0
39,1
30.7
33.4
24,3
7.7

12.4

130

68.0

by,2
55,3
49.7

41.4

440

4.0
qu,0

4.6

op,.,Y

65,9
b4
n3.>
61.7
SY.8

5>, 8

50,1

42.1

9.0

200

50

51,9
51.9
51.9
91.9
51.9
91,9
51.9
51,9
51.2
4y,Y
47.8
45.4
42,3
34,9

24.4

150

69,7

69,5

69.0
68,2
7.8
87,2
bo.7
ov,5
04,2
6s.0
6U.6
5b,.0

50,9

60

54.b
54,0
54.6
54.0
S4.0
%4,0
54.6
%4.4
53.%
51,9
49,9

al.5

44,3

35,3
24,3
18.1

13.4

70.0

bY.b

51,1
43,2

30,5

70

57.3
57.3
57.3
57,3
57.3
57.3
57.3

-1

55.6
94,0
51,9
49.4
49,9
35.5
24,2
i8.3

13,5

170

70.3
09,8
69,2
64,06
CY )
b7.4

v, 7

65,0

b4.2

L1}

60.0
60,0
60.0

6V, 0

60.0

60,0

59.9

4.8

57.5

-1

%4.,0
51.2

47,0

135,86

24,2

16,4

13,8

70.86
70,0
£9.5
6.9
bb.2
67.4
bb.6
5.6
64,2
62.4
5Y,9
S56.3
51,6
43.8
31.1
23,0

16.6

Ro =

40

62.2
02,2

62,2

57.7
55.7
52.5
47.9
30,8
25,0
18,v

14,0

19¢

70.9 .

70,3
69.7
69,1
8.4
07,6
L1798 ]
65,7
b4.2
b2.5
59,7
50.2

51,8

44,9

31.4
23,3

16,9

10

100

64,3
64.3
64.3
64,3
64,3
64,0
63.4
62.0
60.6

59,2
57.2
53.6
48,5
3.5
26.4
19,7

14.3

71,1
70.;
70.0
69.4
68.7
67.9
67.1
65.7
64.3
62,7
59.0
56.2
52.0
44,3
31.0
23.6

17.1
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0,150
0.140
v.130
01120
v.110
0,100V
0.u9v
U, uBy
0.v70
V.00
V.UdY
0.v4v
v.U3u
v,020
0,01V
Q0. 005

v.u01

0.150
0,140

0.13v

0.120

0,110

U.100

O, uY0 "

0,080
v.vlv
0,000
(UVETH
0.046

v,030

0,020,

V.Vl

0.u0b

V.01

Table 3A-3(b) Lateral Wind Speed,

-18,0
-17.4
-17.1
=17.0
-10.3
-15,5
-14.5%5
=13,5
-12,1

~10.4

100

-28,0
-27.0
-26.4
‘25??
-24.17
-22.1

-20.4

~11.»

10

-20,4
-19.8
-19.4
=19.1
-18.4
~17.8
~17.1
¢15.5
-13.5

-11,3

-20.8
~25.8
-24.,8
~23,9
-22,5
-21,0
-19,4
“17.8
~15.8
-13,5

<11.0

0.0

20

-22.9
-22.3
-21.7
-21.2
-20.5
~19.9
-19.4
~17.4
-15.0
-12.4

-10.9

120

-25,8
-24.7
=23.,8
=22,9
-21.5
=20,.0
“18.5
=17.1
-15,3
-13.2
«10,.7

~8.0

30

-25.b

-24.,9

-24,2

-23.4

21,8

-20,9
“1v.Y
=1lo,5

=14,y

130

=25.2

-24.2

-23.3
=22.4
-21,0
=1y,6
=1v,1
-16.7
-15.0
~13.v
’-lO.b
8.1
-5.0
-3,1
~1l.4

“U.b

40

=267

-2b.0

-27,2

-t3.2
=20.9
-18.0
-l1v,4

-14.,2

2 -12.1

-10,0

-24,2
-23.3
~22.43
~21.0
=20,V
“lb.b
-117.1
=15.%
~14,.2
-12.5

=10,5%

201

50

-32.0
-31.2
-30.4
“29.5
~28,3
-27.2
-25.9
-23,2
-21,1
-1Y.4
-17.0
-14.5
-11.8

“9.1

-4.4

2300

=22,2
-21.4
=20,5
~18.4
-17.3
=15.9
=14,b6
=-13.3

-11.9

60

-31,.4
=30.0

=-29,7

-lo,4
=15.9
=-13.3
;10.6

-1.9

-4,1

lo0

-21,b

=21.1-

~20.2
-19.3
“17.Y%
“lb,0
-15,3
14,V
-12.7
~11,3

-9,

=-7.4

5.6

“3,>

1.0

-0.7

70

=-30,7
-29.%
-28.,9
~28,1
-26.7
-25,2
-23.5
-21.4
-19,3
-17.2
-14,.7
-12.1

~9.4

-b.b

-3.4

~1.5

-10.9

~13.3

=10,7

-29.8
-28,.9

-28.0

~27.1 -

~25.6
-24,.0
-22,3
-~20.4
~18.0
-15.2
-13.3

-10.9

180

-19.1
-18,4
-17.6
-1o.6
-15.6
-14,6
-13.8
-12.5
-11,3
-10,2

-8.6

-19.0
-17.2
-14,3
-12,3
9.9
-T.2

-4.9

190

-17,.2
-16,5
15,7
-14,8
-13.8
~13,0
-12,3
~311,2
=~10.1
~y.Y
=7.3
=5,7
-4,2
2.8
-1.4
0,6

0.0

100

-28.0
-27.0
-20.1
-25,2
«23,7
-22.1
~20.4
~-18.8
-1b6,%
-13,9
=11.5
-9,0
“6,3
-4.,0
-1.8
-0.8

0.0

=4,0
~2,4
“1.4
=0.6
=0.3

0.0



Table 3A-4(a) Longitudinal

1] 10

U,150 249.8 29,2
0,240 24,8 29,2
0.130 . 24.8 29,2
V.12 24,8  29.2
u.il10 24,8 29,2
0.109 24,8 29,2
0;090 24,6 29,2
0.V8U 24.6 29,2
Q.U 24,8 29,2
0.vo0 24,0 29,1
0,ud0 22.0 26,7
0,040 20.6 4.5
0,030 1.6 22.5
v.020 1.6 20.5
0.010 11,8 14,3
v, uud 5.4 9.7
0.9V1 5.8 6.0
100 110
0,159 58,6 60,0
0,140 58,6 00,0
0,130 58,6 0.0
0;110 S¥.d 59,9
V.110 58.6 59,6
S v.luv SB.2 59,2
V,vY0 7.0 58.5
U.vH0 56,2 57.3
0.V 54,84 50,0
V.vol 93,4 54.5
U.udUL 51.4 52.6
U, vav 47.9 49,0
o,usd 42.8 43,7
0-025 32,7 34,0
v.ulv 20,0 21,7
0,005 13,9 14,5
0,u01 .0 8.8

33.9
33.9
33.9
33.9
33,4

33.9

133.9

33.9
33.9
3.8
31.0
28.6
26.5
24,2
16.5
10.9

6.3

61.3
61.3

61,2

44,2
35.1
22.5
15,1

9.1

30

34.0
39,0
Iv.v
3y,.v
3.0
39.0
39,0
39,0
39,0
38,8
35.9
33.3
30.9
27.17
1v.b

11.9

b2.2
02,1
ol.d
61.3
60.7
00,1
5Y.b
S5¥.0
97.2
55,4
53.5
q4v.0
43.9
35,0
23,2

15,5

40

42.9
4d,.Y
42.9
42,9
44,9
42.9
4z,9
42,9
42.0
42,0
39,3
30.8
34,1
29,0
1¥.0

12,3

140

63,1
62.9
LY -1
bl.y
61,3
oV, /
bV, 2
59,4
57,7
56,V
54.0
50.1
44,4

36.4

“ 24,0

lo,0

202

Wind Speed, ﬁx’ Ro =10

29.2
18,0

12.3

150

bV, 9
59.8
SY.4
50,9
4.6
SU.B
45,1
37.2
24,5
lo.4

1v,.0

[-1V)

4u.b
L1-FY ]
4¥.8
4v.8
ab,. %
48,8
4.8
qY.0
47.7

40.2

‘4,1

4l.7
36,5
9.5
18,0
12.4

7.4

160

4.3
63.8
03.3
52.6
62.1
1.5
60,9
Y. Y
SH.4

56,7

70

51.5
51.%
51.%
51,5

51.5

" 51.5

51,5
51,0
49,8
48,2
46,2
43,7
40,2
29.8
18,5

12,5

170

04,5

64,0

63.4
b2.8
62,2
6l.b
o0,9
59,9
58,4
50,5
4.4
50,7
49,6
37.8
25,0
17.0

10.5

54.2
54,2
$3.0
51.7
50,3
44,3
45,4
41.3
29.9
18.4
12,6

4.0

140

b4.8
64,3
63.7

63.1

62.4

01,7
5U,9
54,9
Su.4
56,5
54,1
SU.5
45.8
34,0
25.3
17.3

10.8

90

56.5
be.5
56.5
56.5
56.5
56.4
So0,.1
54,7

53,3

19,3

13,2

65,1
64,0
64,0
3.4
62.6

51.9

4

20.6
13,9

8.6

L2200 —

65.4
64.8
64.3
63.7
62.9
62,2
61.3
60.0
8.5
56,9
$3.9
50.4
46,3
38.5
25.9
11.8

11.4



v.150
v.140
0,130
0.120

0.110

0.100-

V.u90 -

v, vBY
v.070
v.0bU
0, V50
0,u40

V030

0.v20

0,010
U,0ud

[TPRVIVEY

v.1%0
0,140
v.130
0,120
v.11u
U, 1y
0.U90
V. 080
[FRRVE RV
0.uol
0.udv
V.vav
0.030
V.v20
0.v1v

G0

u.001

-“18,0
~17.4

=17.1

'-17.0

-16,3

=15.5

-20.4
-lu.8
'10-?
-13.9

-11.5

-9.0"

“6,.3
=-4,0
-1.8
-0.8

0.0

110

" -26,8

-25.8
-24.¢
-23.9
“22,5
-21.0
-19.4
-17.8
-15.8
-13.5
211,90
-8.4
-5.7
-3.1
-1.3
-0.6

0.0

-22.9
~22.3
“21,7
-21.2
-20.5
~19.9
~19.4
-17.4
-15.0
-12.4

-30,9

130

-25,2
-24.2
-23.3
-22.4
-21,0
-19,.0
-l¥.1
-10.7
-15,0
-13,v

-1V.b

Wind Speed,

~1b.4
-14,.2

~12.1

=20,V
=-1v.0
-17.1
-15,.8
-14,2
-12.%
-10,5

“-led

=320
~31.2
-3v.4
-2Y,5
~¢8,3
-27.2
-25.9
~23,2
-21.1
-19.4
=17.,0
-14,%5
-11.8

9,1

-4.8

-2,1

150

-23,0
-22,2
-21.4
-10;5

-lb.b

~1b.4
-15,9
-13.3
=lu.b

-7.;

~4,1

-11,3
-9,7
=7.%

-5,0

=3.5

-1.6

“U.7

70

-30,7
-29.4
-2b8.9
-28,.1
~26,7
-25.2
=-23.5
“21.4
‘19.5
-i7.2
~14.7

~12.1

~20.%
-19.8
-19.0
~18.0
~l0.9Y
=15.8
-14,7
-13.3
-12.0

=-10.7

W =10
Wy, Ro

b0

-29.8
-258.9
-24.0
=27,1
=25.6
-24,0
~22.3
«20.4
~186.0
-15,2
-13.3

-10.9

160
-19.1
-18.4
-17.6
"=16.06
-15.6
-14,0
-13.8
-12.5
~-11,3

~10,2

4

-1.0

190
-17.2
“16.5
“15,7
~14.8
-13,8
-13,u
-12.3
“11.2
-10.1

8.9

100

-26.0
-27.9
-26.1
-25.2
-23.7
-22.1
~20,4
-18,8
-16,5
-13,.9

-11.%

-15,0
-14,3
«13.6
-12.8
“11.8
-11.1

=10.5



V.150
y.149
0,130

U.120

v.110

0.100
[VRVE 1]
O,Udu
U,V
0.lboU
[P V-1V
[V VE SV]
V.30
0.v2V
y,uvlo
0.v0%

0.u0l

U, 150
v, 140
0,139
U.3120
v,110
0,100
v.UY0
0,080
v.ulu
V.0l
VLU0
U. U4V
v,030
0.u2v
v,.010
U.U0D

V.001

Table 3A-5(a) Longitudinal Wind Speed, U ,

19,0
19.0
19.0

19,0

19,0

19,0

19.0

19‘0
‘19.0
18.9
16,9

14,9

1Lu

52,8
52,4
22,4
52,8
52.8
92.5
51,9
50.4
49.1
47,17

45,7

10

23.5
23.5
23.5
23,5
23,5
23,5
23.5

23.5

‘23.%

23,3

20.9

110

54,3
54,3
54,2
54,1
53,9
93,4

52.7

20

28.2
28,2
24.2
28,2
26.2

28.2

28.2

28,2
28.2
28,0

25.2

55.b
55.5
55,4
55,1
54,7
54,1
53.5
52.4
51.1
49.5
47,6
43,9
38.4
29.3
16,86

9.3

55.0

55,0

40

37.1

37,1
37.1

37.1°

37.1

37.1°

37,1,

37.1
‘30.8
36,2
33.0
31,0
éu.s
23,2

13.2

56.1
55,5
55,0
24,4
93,4
b4.0
bu.4
48,3
44,3
" 38,0
30,0
1b.2

lv.2

204

50

40.4
40.4
40.49

40,4

40.4

40.4-

40,4
40.4
39,7
38.4
36.3
33,9

30.8

Ob. <
HE,0
57.4
56,7
56,2
55.7
5.2
54.0
52,7
51,1
4.1
45,1
3v.4
31.9
18,7

lu,?

bv

43,1
43.1
43,1
43,1
43.1
43.1
0.1
42.9
42,0
40.4
Jb.{
36,0

32,8

23,49 3

12.8

160

SB,.5
:u;l
27.5
So,.Y

50,4

4u.8
45.0
39.6
31.7

1.0

v

45,4
45.8
45.8
45,9
45,8
45.b
45.7
45,2
44,1

42.4

40.4

170

sk, 8
58,2
$7.7
57.1
56,5

55,9

58,1

%4,
52.7
50.4
48 .6
44,9y
3u,s
3z.0
19.3
11,2

4.8

80

4.4
4.4
48,4
4t 4

48.4

180

bY¥.1
H8.5
S4,0
57.3
56.7

55,9

11.5

5.1

Ro =

Yo

50,7
50.7
50,7
50.7
50.7
50,6
50,3
48,9
47,0
46,2
44,2
41,0
36,3
25,3

13,8

7.4

190

56,1
55.3
54,2
2.7
$1.0
48,2
44,7
40.3
32,5
19.8
11,8

5.3

10

100

52.8
52.8
52.5
51,9
50.4
49.1
47.7
45,7
42.1
37.0-
26.9
14,9
8.2

2.8

59,6

52.8
51.1
4¥.1
44.6
40,5
32,8
20.1V
12.1

" 5.6
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Table 3A-5(b) Lateral HWind Speed, ﬁy, Ro =103

0 10 20 3v 1Y 50 by 70 80 90 100

0,150 “18,0 ~20.8 =22.9 =25,6 -2u.7 =32,0 =31,4 =30.7 =29.8 =2¥.9 -28.0
V.140 =17.4 =19,8 =22.3 =24.9 =28.0 =31,2 =30,6 ~29,8 -28,9 =27.9 =27.0
0130 m17,1 =19.4 =21.7 =24.2 =27.2 =30.4 -29.7 ~28,9 =28,0 =27.0 =26.1
0.120 =17,0 =19,1 =21.2 =23.4 <¢b.3 =29.5 -zb.8 =2b.1 =27.1 =26.1 =25,2
0,11y “16.3 ~18,4 =20,5 =22.6 =25.3 =2b.3 =zF.0 =26.7 =25.6 -24.0 =23,7
V.100 c15.5 =17.8 ~19.9 =21.8 =28.5 27,2 =2b.2 ~25.2 =24.0 -23.0 =22.1
U, us0 “14,5 =17,1 =19.4 -20,y =23.2 -25.¥ -24.7 =23.5 ~22.3 -21.3 -20.4
v.usy S13.5 =15.5 ~17.4 =18,y =20.9 =23.7 =22.3 =21.4 =20.4 ~19.6 =18.8
v.uTy “12,1 =13,5.215.0 =10,5 =16.6 =21.1 =20.3 =19.3 =1b,0 =17.2 =16,5
v,ubV -10,4 -x1.§ =12.4 =13.Y =16.4 -19.4 -1¥.4 -17.2 =15,2 ~-14,3 ~13,9
0.05v “8.7 =9.5 =10.9 =12.0 =18.2 =17.0 =15,y =14.7 =13.3 =12.3 '=11,5
v.odu . =7.0 ;u.l “9.2 =10.2 =12.1 =14,5 =13.3 =12,1 =10.9 =9,9 =9.0
0.usb “5.3 =6,2 =7.2 =b.4 ~lu.V =11.6 ~10.6 ~9.4 =8.2 =7.2 =6,3
020 =3.7 =3.9 4.4 =5.4 <~7.1 =y,1 =T.9 =b.85 =5,8 =4.9 <-4.0
0.010 “1.8 =1.8 ~=2.0 =2.5 =3.6 =«.8 =4.1 =3.4 =2.9 <2.4 =1,8
v.ous “0,8 =0.b <-0,9 =1,1 ~1,6 =2,1 =1,8 =1.5 =1.3 =~1,0 =-0.8
v.oul 0.0 0.0 0.0 V.U 0.0 U0 0.0 0.0 U0 0.0 U0

100 110 120 130 14v }%-17) lov 170 160 190 200

9.150 25,0 -26.8 -25.8 -25.2 -24.2 =23.0 =21.8 -20,5 -19.1 -17.2 -15.0
0.140 “21.0 =25.8 =24.7 24,2 =23.3 =22.2 =21.} =1%.8 ~16.4 ~1v.> -14.3
0,130 ~20.1 24,8 =23.8 =23.3 ~22.4 =21.4 ~20.2 =19.0 =17,6 =15.7 =13.6
0.120 <52 =23,3 =22.9 =22.8 =41.0 =<U,5 =19,3 ~18.0 =16.6 ~14,9 =12,.8
0.110 “23.7 =22.5 21,5 =21.0 =20.0 =18.b =17.9 =16.9 ~15.0 =13.4 =11.8
v.lug 22,1 =21.0 =20.0 =19.b =18.6 =17.3 =16.0 =15.5 -14.6 =13,0 =11,1
U, us0 ~20,4 =19,4 =1b.5 =lo.1 -17.1 =15.9 =15.3 =14.7 =15.8 =12.3 =10.5
G.uoY S18.8 ~17.8 =17.1 =10.7 =1b.0 =14.0 =14.U =13,3 =12,5 =11,2 =-9.¥
0,070 “lo.5 =15.8 =15.3 =15.0 =14.2 =13,3 =12.7 =12.0 =11.3 =10,1 =¥:7
U. 000 “13.9 =13.5 =13.2 =13.0 =12.5 =11.9 =11.3 =10.7 =10.2 =8.9 =7.2
0,050 11,5 =11.0 =10.7 =1u.b =10.5 =9.9 =9.7 =-9.3 -8.6 =7,3 <5.6
v.udo “F.0 =B.4 8.0 =t.l =7.9 =7.7 =T.5 =7.6 ~7.0 =b.7 -4.0
v.030 “6.3 =5,7 ~5,2 ~5.0 =>.U =5,3 =-b.o =b.8 =b.5 =4.2 =2.4
v.u2v “d.U0 =3.1 =2,7 =3.1 =3,1 <=3.0 =3.5> =3.8 ~3.6 =2,8 =1.4
U010 “1.8 =1.3 =1,0 ~l.4 =l.4 =1,2 =1,b =1.8 =1,% =1,4 =0.b
0,005 0.8 =0,6 =0.5 <=V.6 =u,b =0,5 =0.7 =U.6 =0,8 =0.6 =0,3
0.uv1 0.0 0.0 0.0 ©.0 0.0 w.u 0.0 0.0 0.0 0.0 0,0
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APPENDIX 3B

GRAPHICAL ILLUSTRATION OF STABLE AND NEUTRAL BOUNDARY
LAYER WIND SPEED. PROFILES

~ To provide an illustration of the velocity profiles which can be
encounteréd along a flight path during approach through neutral and stable
'boundary layers, seven velocity profiles have been computed using the model
developed in this report. Both longitudinal and lateral wind speeds are
‘shown. The conditions for which the velocity profiles have been computed are
- shown in Figure 3B-1 along with wind speed profiles calculated from the
standard 1og-1inear equation for the stable boundary layer, see References
[3-2 and 3-5]. This enables a comparison of the simpler theoretical models
with the more elaborate simulation mode]S developed in this report to be
made. One thing to note ih comparing the ve1bcity profiles is that the log-
linear, theoretical models give only the longitudinal component of wind

speed, whereas,fthe table lookup model provides both the longitudinal and the -

lateral components. The lateral wind speed component is quite significant in
many of the cases illustrated and represents an estimate of the directional
shear encountered during approach or landing. This’diréctiona] shear cannot
be obtained from the simpler theoretical equatidns.
- Figures 3B-2 and 3B-5 through 3B-7 are computed for a u, value of
-1
0.1ms .

height from the nondimensional form 2 gives a value of z =173 mat Z = 0.15

This value of friction velocity when used to compute dimensional

which is the maximum vertical extension of the tabulated data. Conséquent]y,
the aforementioned figures do not extend to the 500 m level as do Figures

.3B-1, 3B-3 and 3B-4.

‘ Additional visualization 6f the velocity profiles which can be
encountered in stable and neutral boundary layers with turbulence super-
imposed are given in the text, Figures 3-8 through 3-13, Section 3.4.
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No.6 No.5 No.4 No.3 No.2 No.l

1. u’k_=0‘,5ms—l
2 =0,l m
L=100 m
Ro =5x10

2, u, =0,1m s
z =0,1 m
L=10 m
u=40
Ro =1x10

3, u, =0,5m s
z =0,1m "
L=300 m
u=6°7 4
Ro =5x10 _

4, u, =0,5m s
z0=0q1 m
=300 m
u=6,7 3
Ro =5x10" .3

- 5, u, =0,1lm s
ZO=O°001 m
L=godm
%o ;1x106 _

6, u, =0,1m s
z . =1,0m
=100 m

]J=4.,0 3
Ro =1x10

7o u, =0,1lm s

z =0,1 m
IL=50 m
u=8.0 4
Ro =1x10

801

4

1

z (m)

40+

20}
-1

Figure 3B-1 Theoretical Wind Speed Profile for Comparison
with Figures 3B-2 through 3B-8 Computed with Wind Shear
Model '

207



0°0¢

J49/e7 \Cmu:_:om a|qe1s 2-gg d4nbid

S Eunz
T-

(u) 2

0°sT oo@N o.ma, o.wﬂ

0TXG=
0¢=
w 00T=1

W 1°0="Z2 2

_S wg0= *n °1

L0°002

-0°05¢C

- 0°00¢

- 0°04G¢

-0° 007

-0°0sP

- 0°006%

(u) =

208



3

0°9

A

s w ,%3
.H.l

0°¢  0%0

0°%¢-

Jafe Adepunog 91qels €-4€ 4nbL 4

(w) =z

%0
0°0Z-
0°07
0°09
0*08-

0°00TH

0°02TT-
0°0¥T-
0°091-

0°08T

0°00C -

E:3

0°9- 0°6-

0TXT= A

u 0T=1
w 10 ="z
_s wTI0="*n

0°0T 0°8

0°9

-y

nHI.

X
s u M

0°%

1

0°z

r0°*0¢
-0°0%
-r0°09
-0°08

‘N
- 0°001 .:m“
-0°0CT
F0°0%T
-0°091

-0°08T1

L0®00¢

209



Jafe] Auepunog 3|qe3s p-d¢ dunblL4

X
s u M
.HI
0°9 0°6Z 0°0Z 0°ST 0°0T 0°S 0°0
L L i i ) 3 .OOO
~0°0S
-0°00T
L0°0ST
-0°002
N 0TxG= I
1 cas - 0°0S2C
mw L°9="
W 00g=1
: L.nS
u H.oubn 0°00¢€
s u G°0= *n °¢
= L 0°0S¢
- 0°00¥
- 0°0SY

~0°00S

(u) =z

210



0°9

J49/Ae7 Auepunog a9|qelS G-g€ a4nbL4

(w) =z

0°0ST+
0°00Z -
0°05Z-
0°00€-
0"05¢€ +
0°00% -

0°0S¥

0°006 -

X
S U M
.H.I

o“mN 0°*0¢ OJMH OJOH OWm

0TXG= 4
L°9=nt
w 00t=1

w 1*0=Cz ,

L0°00T
L 0°0ST
0°002
L0°052
L 0*00¢€
-o,omﬂ
-mroow

-0°0SP

- 0°00¢S

(o) z

211



J49he] Aaepunog 91qe1S 9-g€ oJnbLd4

X
K .
UM -
0°9 0°t 0°0 0°t- 0°9- 0°6- 0°0T 0°8 0°9 0°%F 0°¢ 0°0
L 1 - p. i J i 1 e ] i OQO
0°0 \\lJ (
0°0Z - L0°02
0*0v— } : . U - 0°0F
0°09 1 L0°09
0°08 - _ L0°08
. m OTXT=

N 0°g="
0°00TH. , ' w og=T L0°00T

8 . , o 0
: . W T00°0= 2 C
0°02T , s w 1°0= &..9 G w T FO*0CT

- . !
0"0pT- | L0°0vT
4

0°09T -0°09T
0°08T - - 0°08T
0°00z 4 Lo*00z

(w) 2z

212



Jakeq Kaepunog aqeys [-g9¢ a4nbLdg

K X
Hlm w M Hlm oM
0°9 0°¢ 0°0 07€- 039- 0%6- 0°0T o0°g 039 0ty 0%z 0%0
L 5 1 H L 3 1 i L OQ
0°0 w\t
0°02- _ -0°0T
0°0v - 0°0%
0°09 - m -0°09
o.owu| . ) IO.Ow
" OTXT=
2 000t 0"p=r 0°00T
w 00T=1
0
- w Q°T= 2
0°0ZT- x L 0°0zT
s w 0= "N °9
.H.I
0°0%T- L0°0PT
0°09T A - 0°09T
0°08T+ -0°08T
0°00Z- Lo*00z

(u) =

213



Jafe] Adepunog a|qels 8-g¢ ounbLd

s E%B .ﬂ...m uw unB
0°¢  0°0 0°t- 0°9- 0°6- 0°0T 0°8 0°9 0°» 0°¢ 0°0
2 - 4 [ 1 i . 1 1 i 1 i 1] OQO
0°0
~ P
o.oN:M L0%02
§
0°0% A : L0 0%
0°09 - . ~ lo®09
0°08 - : | L0°08
N . .
_ . 0TXT= o i
5  0°00TH 4 . L 0°00T
_ 0°g=rt _
w 0G=T1
0°02T- w1700z . L0°0ZT
S W T°0= *n °, .
0*0vT4 ¢ = : _ Lo°ovT
0°09T- : . : £0°09T
0°08T- S _ ~ }ocost
: \
0°002Z L 0°002

(u) 2z
214



APPENDIX 3C
COMPUTER PROGRAM

The subroutine STB is a FORTRAN computer program for calculating the
w1nd speeds w and wy ahd the wind speed gradients oW /az and W /az Inputs
to the program are height, z, friction velocity, u*, Cor1o]1s parameter, f,

stability parameter, u, and_surface roughness, z_. These parameters must be

introduced in units of meters and meters per secgnd, respectively. . The
returned velocities and gradients have units of meters per second and inverse
secohds, respectively. Wind speeds and gradients at a new value of height,
z, are obtained by simply assigning a new value to z in the calling program.
A new condition of stability is also achieved by assigning u a new value in

the calling program.

The user has the'option of adding turbulent fluctuations to the wind
speed by assigning the control integer NKK a value greater than two.

Subroutine STB

The subroutine STB for a given height z and with the parameter, u,
,specified’provides the wind velocity wx and wy. The user has the option of
superimposing turbulence fluctuations on the mean wind speed if desired. The
turbulence simulation routine uses the spectra developed in Section 3.5 and
the z-transformation technique for generating the fluctuations W wy and W,

Subroutine STB first calls the subroutine INIT, which reads the input
data into storage. The control variable NST is then set equal to two and
furthér use of STB does not call the subroutine INIT. STB then calls the
subroutine WINDF which interpolates wind speeds in the z direction for a
prescribed value of u.

At the user's option, NKK (O<NKK) can be set greater than two and the
subroutine STB will call the subroutine DRYDEN which processes the random
signal from the subroutine GAUSS and generates turbulent fluctuations having
the modified Dryden spectra described in Section 3.4. These fluctuations
are added to the turbulent wind field output. '
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Nomenclature

Subroutine STB(Z AMU,USTR,F,Z0,NST, WX WY, DNX DWY,DT, IX NKK)

AMU
USTR
70
NST

WX

Wy
DX -

DWY
DT

NKK

He1ght (m)

Stability parameter ( 333.33 < u < 216. 67)
Surface friction velocity u, (ms 1)
Coriolis parameter, f (s~ ])

Surface roughness, z, (m) |

Control variable NST 1 1n1t1ates the storage of the
tabulated wind speeds

Wind speed in the x direction (m s'])
Wind speed in the y direction (m 5'1)
Gradient of W, in the z direction (s’l)
~ Gradient of w in the z direction (5'1)
Time 1ncrement At of the turbulent fluctuation (s)

Initiating 1nteger for random signal generator, value
~ arbitrary

Integer for total terms of z transformation
(if NKK s 2 turbulence is not added
if NKK > 2 turbulence is superimposed on wind
speed outputs)

Listing of Subroutine STB

T SUBRUUT Lk old(AP AMU,USTR, ¥ ,40,M50, WX, wY, 08K, UnY,DE, 1x NKK)
COMMUN/WIND/WOEL(34,11,2), IMU LMum, AMUU(34),UW(34, 11 2),
SWXR(34),wiIR(34),RAMI,ALTA, UREF, VREF, UULF

COMMUN/>E/AL

LF(NSTeNEL1) uU T0D 100
Ix=0554Yy

- CALG IWNET

10v

141

151
lol

RJo[R= UaLR/(F*AOJ
wsr=2
CanliInug
L2ipP+20 _
CALL WNINUF(AMU,Z,o4X,wY,0wX,DWY,USTR,F,RUSTK, LZ)
LEF(KK= 2) 141,141,151
dd= 0.
uvs
18] ru 161
CALL ORYDEN(Z,AMU,USTR,F,wX,DU,LV,0w,01l, LX, NKK)
WXSWX+DU .
AY=SdY+DV
RETURN
[T
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[OUTPUT]
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Subroutine DRYDEN

The subroutine DRYDEN first calls the subroutine GAUSS which generates a
Gaussian white noise random signal. The random signal is then passed through
a filter which generates the fluctuating output having a spectrum function of
the Dryden form which fits the data of Kaimal [3-3]. The subroutine DRYDEN
then returns the fluctuating wind components, DU, DV and DW to the subroutine
STB.

The subroutine DRYDEN utilizes the stability parameter, u, the friction
velocity, u,, the Coriolis parameter, f, and the wind speed at height, z.

2

The scale frequencies, N> and turbulence intensities, o, are computed

internally in the subroutine.

Nomenclature

Subroutine DRYDEN(Z ,SMU,USTR,F,V,DU,DV,DW,DT, IX,NKK)

yA Height (m) [INPUT]
SMU Stability parameter, u : [INPUT]
USTR  Friction velocity, u, (m s™1) ~ LINPUT]
F Coriolis parameter, f (5'1) : [INPUT]
DU Wind fluctuation in Tongitudinal direction (m s™') [INPUT]
DV Wind fluctuation in lateral direction (m s']) ' [OUTPUT]
DW Wind fluctuation in vertical direction (m s']) o [OUTPUT]
DT Time increment of the turbulent fluctuations (s) [INPUT]
IX Starting integer for generating random signal [SPACE]
NKK Total number of terms for z transform [INPUT]

Listing of Subroutine DRYDEN

SUBKJULLNE URKYODEN(L,SMU,USTR,E,Vv,0u,DV,DW,T,LX,NKK)
DiMENSLIIN x(10),Y(10),K0(3),815(3),AK(3),AC(3)
CoMMgn/SI/7AaL
LAL=Z/AL O
KI=ZAL/(1.+4.5%4AL)
IF(R1-0,0288)d81,b1,82
81 FU(1)=0.014
GO TY 83
82 FO(1)=0,9%R]
83 [F(R[=0,0176) H4,54,185 S
R4 F0(2)=0,0265 ORIGINAL PAGE
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Gty [ KA
By FO(2)=1.54%R1
so. Ir(K1=0.,0343) ol/,0/,88
67 FO(3)=0.0902
Gu o RY
B r0O(3)=2.8%R1
89 Ir(ZAL=1.) 95,90,Y6
9o e (4AL=1,22)-97,94,Y4
4 HL6(3)=0,
G [ 98 '
95 SIG(3)=1,3=0.13%2AL¥%0,5
iy 1'J) 98
Y] STG(3)26,49=5,32%4LAL
98 S1G(2)=05LG(3)/7(0.111+0.00271%L)%%0,.4
SLGCL)=SIG(3)/(U.o83+0.00139%2)%%0,9
DA YI KL=1,3
AK(KK)I=BS, 76*V*bULKR)*bIb(hK)*bIb(KK)/L
AC(KK)=23.85%v*xru(nK)/4
993 Cuaslinyg
=l
L0 DO 140 1=1,8nK :
Cabilh GAJSS(Ix,l.,0,.,1R)
: A(i)=Rr
130 Coilinde
Y(1)=0.
C=uXP(=AC (vbd)¢l)
= (>)Kl’(k\b\(.ubh)))*(l.-(,)/aL,(n.n..)J
DY 141 1=2,M8K
, Y(Y)=CkY(l=1)+0%X(1l=1)
141 CodlinNde
Te (U58=2) 142,143,144
l42 udzyY(nKna) ‘
sty £ 14» ‘
143 DV=g (WKK) '
GIErY 145
L4444 DuzY(vKK)
lan Cuyntfnubk
WHnEvgd+l
I (Mup Lk, 3) GU Tu 1LO.
ReTUaN
[OR'TD]

Subroutine GAUSS

The subroutine GAUSS is called by the subroutine DRYDEN. Each time
GAUSS is called it generates a new random number. Random numbers generated
by GAUSS are white noise having a Gaussian distribution.
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Nomenclature

Subroutine GAUSS (IX,S,AM,V)

IX  Arbitrary starting number, IX = 65549 [gﬂgm

S Adjusting number, setting S = 1.0 gives standard [INPUT]
deviation of unity

AM Adjusting number, setting AM = 0.0 gives zero mean [INPUT]

v Random number output , A : : [ouTPUT]

Listing of Subroutine GAUSS

SUGRIVIINE GAUSH(LX,5,Am,V)
REAL¥R X :
AZ0. ) : ORIGINAL PA%I%
DY %Y L=1,1¢ OF'POOR,QU
IY=LX*b5539 : ‘
IF(LY)5,6,0
LY=1¥+21474d830647+1
b Y=1¥Y :

Y=Y *),46506130=Y

(X=1¢Y
S0 AazA+Y

V= (A=b,0)¥S+Am

RETURN

LAEER Y

J

Subroutine INIT

The subroutine INIT is called once by the subroutine STB to initiate
storage of the data. Subroutine INIT stores the data according to the grid
system arrangement shown in Figure 3C-1. The data are stored as WDEL (I,J,K)
where each row designated by J corresponds to the wind difference at that
elevation as explained in Section 3.1. Each column designated by I repre-
sents a prescribed vaT&e of u ranging from -333.34 to 216.67. The index K=1
represents longitudinal wind speed and K=2 represents lateral wind speed.

The stored data is transferred to the subroutine WINDF through a common
statement.
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12

WDEL (I,J,K)

Figure 3¢-1 Grid System: K=1 Corresponds to Aﬁx =

s to 0 (2 = 0.15) - W (%)
and K=2 Corresponds to wy = wy(z) - ﬂy(z = :

0.15)

Listing of Subroutine INIT

oG Ive fawll
(wvﬁ)N/N(au/nunh(d4,11.z),1NU,1MUM,RMUU134),UQ(SQ,IL,Z),
SeAx(34),8(R(34),hAMU,ALEA, UKEF , VrEE ,UDEF
AV0 FORMAYT(HEL1D,.4)
4006 FORMALI(11F5,2) C
CHAFREF KR KK KKK & Perb IN LNTLAL DATA MU

RedAo(5,200) (amuu(l),i=1,34)
CRERFERERERF KK el lw UALA wbil

by 3 K=1,2
Dy 3 I=1, 34
3 ReeAD(S,400) (wuel(L,J,n),u=1,11)
CHREEXRFRFKKEREEES rebl N UATA DWX/DZ4 A LWY/ULZ
LAAX=D .15 '
LaiN=0,U01
VL=(LMAX=L4Min) /10,
D 2 K=1,72
vy 2 I=1,34 , o
Dt ,11,K)=(wueb(l,11,8)=nrori(l,19,83)/0%
Da(l, 1, 8)=(wiutd,2,R)=wel(l,1,N))/02
tn} 2 4=2,10
v (1 ,Jd,8)=(wDrb(l,Jd+1,K)=adbbL(L,J=1,0))/D2/2.
e CanbInde
RAMU==400.
ALFAZ1 .0
1 ®e iRy

EED
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Subroutine WINDF

The WINDF subroutine is called by the subrdutine STB for values of u and
z. Interpolation is performed by an area-weighting method for the velocity
at the elevation and for the stability condition, u, from the tabulated data
placed in storage by subroutine INIT. The area-weighting interpolation
method is illustrated in Figure 3C-2.

", W

GE 18
RIGINAL P25 o
OF POOR QUALIT

W2T

Figure 3C-2 Aréa-Weighting Technique

3

The area-weighting scheme calculates the velocity and velocity gradient
at the specified point by using the four nearest neighboring grid point
values. The ve]otity at point P is given by:

_ 1 | -
wp = K{A]wl + A2w2 + A3w3 + A4w4]
where

A= A] + A2 + A3 + A4

The same interpolation method is used for the velocity gradients.

Nomenclature

Subroutine WINDF(AMU,Z,WX,WY,DWX,DWY,USTR,F,ROSTR)

AMU Atmospheric stability parameter, u [INPUT]
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A Height (m) | [INPUT]
WX Wind speed in the x direction (m s*]) ' [OUTPUT]
W' Wind speed in the y direction (ms™') [OUTPUT]
DWX Wind speed grad1ent in z direction (s~ ]); :
DWY Wind speed grad1ent in z direction (s )

USTR  Friction velocity, u, (m s 1) R A [INPUT]
F Coriolis parameter (s~ ]) ' | [INPUT]
ROSTR Rossby number, Ro , [INPUT]

Listing of Subroutine WINDF

SR IUTLAE A dvok (AmU, L, 8h, Wi, DeX,08Y ,US1IR,r ,RiJSTK,12)
Clvadgn/wiNDs/winn (34,401,410 ,Lmu, lNUM,HHUUL34J-UN(44 11.,2),
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APPENDIX 4A
TABULATED FRONTAL DATA

Tabulated data for two cold air synoptic fronts are given in this
'appendix. The tables have, due to their length, been split into six parts
covering columns 1 through 20, 21 through 40, etc. The tabulated values of
wx are values relative to the storm motion. The frontal speed'ﬁg‘is given
at the top of the table for converting wx_to its value relative to the

ground. '

The case numbers for the two storm fronts studied are listed at the top
‘of the table. Also listed at the top of the'table are the horizontal length
scales for the given wind record. The horizontal extent of each data set
vafies because of the data reduction procedure. Hence, the length of field,
L, in kilometers and the horizontal grid spacing, Ax, are specified on each
~ table. The vertical extent of each field is taken as 500 m with 50 m
vertical grid spacing. ' '
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Table 4A-1(a) Continued
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Table 4A-1(b) Continued
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1

7.1 ms

L=13.2 km, AX=117.7m

Table A4-2(a) Longitudinal Wind Speed, W, for Cold Front; Case 2, 1050, ﬂx
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APPENDIX 4B
GRAPHICAL ILLUSTRATION OF FRONTAL WIND SPEED PROFILES

In this appendix, the wind speed profiles which an aircraft would
encounter approaching along a 3° glide slope through~aAc01d synoptic front
are illustrated. Four flight paths having 3° gTide slopes and spaced at
equal increménts along the horizontal extent of the data set are shown in
Figure 4B-1. Figures 4B-2 and 4B-3 illustrate the wind speed profiles along
the four f]ight‘paths. One observes that the winds can be significantly
different for aircraft approaching at different times through the same front.
Due to the Timited spatial extent of the data set the latter flight paths, 3.
and 4, do not extend to the full 500 m level and consequently are only
plotted to the height at which théy pass out of the data set at the right-
~hand margin.

The streamlines on which the flight paths are drawn are based on wind
speeds relative to the motion of the front which is 9.3 m s_]'and 7.1ms”
for Figures 4B-2 and 4B-3, respectively. The vertical dashed 1ine on the

1

a—

longitudinal velocity profiles illustrate the mean motion of the front, wx.
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Figure 4B-2 Wind Speed Profiles Along Four Different Flight Paths Through
Cold Front, Case 1 |
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